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ABSTRACT OF THESIS 
 
 
 
 
 
MODELING DIGESTIBILITY AND RATE OF PASSAGE IN HORSES 
 
 Horses consume large amounts of fiber in their diet, which may affect 
digestibility and digesta rate of passage. The objective of these studies was to assess the 
effects of diet composition on digestibility and rate of passage in horses using 
mathematical models. Using previously published data, forage dry matter digestibility 
(DMD) was related to forage neutral detergent fiber (NDF) concentrations and crude 
protein (CP) concentrations (DMD = 66.1178 – 0.3410*NDF + 0.6356*CP, DM basis; P 
< 0.001). In a second experiment, horses were fed diets formulated to have high fiber (HF, 
n= 3; NDF = 55.3%, CP = 11.8%) or low fiber (LF, n = 3; NDF = 40.5%, CP = 13.3%) 
concentrations. The LF treatment had greater DM, organic matter, and gross energy 
digestibilities (P < 0.05), whereas the HF treatment had greater NDF digestibility (P < 
0.05). Mathematical models were useful to determine mean retention time (MRT) and 
there were no differences between model MRT and algebraic MRT, or treatment. Some 
compartmental parameters were different between treatments (P < 0.05), indicating that 
dietary fiber may alter some components of digesta passage in horses. 
 
KEYWORDS: Marker, Mean Retention Time, Models, Neutral Detergent Fiber, 
Ytterbium 
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CHAPTER 1: INTRODUCTION 
 Mathematical models are a useful tool in the field of animal nutrition to integrate 
conceptual ideas and applied research. Simple models have been used to determine 
nutrient requirements of animals, diet digestibility, and animal growth patterns (Weiss et 
al., 1992; NRC, 2007; Sales et al., 2013). More complex models have been developed to 
analyze methane production, lactation, and rate of passage (Sauvant et al., 2011). Models 
can allow for complex theories to be investigated while limiting intensive sampling and 
invasive procedures.  
 With horses, the amount of research utilizing mathematical models lags behind 
other animal species. Regression analysis has been used to predict diet digestibility from 
forage chemical composition (Martin-Rosset et al., 2012; Sales et al., 2013) and to 
predict growth of horses (NRC, 2007), but the use of models to explain digestion kinetics 
in horses is limited. Researchers have applied research models developed for other 
species to horses. One such area currently gaining attention is the use of mathematical 
models to explain digesta rate of passage (Moore-Colyer et al., 2003; Austbø and Volden, 
2006, Rosenfeld et al., 2006; Murray et al., 2009; Miyaji et al., 2011). With the use of 
mathematical models, rate parameters can be determined in addition to mean retention 
time (MRT), potentially allowing for hindgut retention time to be determined without 
invasive procedures. 
Forages are one of the most important components in the equine diet, typically 
comprising half to all of a horse’s diet, and understanding the role forages have on equine 
digestion could be benefited through the use of mathematical modeling. Researchers have 
shown there is a relationship between forage quality and diet digestibility with higher 
fiber concentrations associated with decreased digestibility (Cuddeford et al., 1995; 
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Crozier et al., 1997; Pearson et al., 2001); however, a mathematical relationship between 
forage composition and diet digestibility has not been determined for horses. 
Additionally, one of the factors shown to influence diet digestibility is MRT, with longer 
retention times associated with greater digestibility (Mertens and Ely, 1982). 
Investigating these topics with the use of mathematical models could aid in the 
understanding of equine digestion. 
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CHAPTER 2: LITERATURE REVIEW 
 Horses are herbivores and have evolved a unique gastrointestinal tract (GIT) 
structure in order to utilize plant materials. Horses are able to breakdown fibrous plant 
materials as a source of nutrients due to microbial fermentation in their large hindgut, 
consisting of the cecum and colon. Evaluating the factors that influence fiber digestion is 
an important aspect to understanding the complex digestion processes in the horse. 
Equine Gastrointestinal Tract Anatomy 
 The equine GIT consists of the mouth, esophagus, stomach, small intestine and 
auxiliary organs (pancreas and liver), large intestine (cecum, large colon, small colon), 
and rectum (Figure 2.1). Together, these organs are utilized to digest and absorb nutrients 
from the diet. The mouth, esophagus, stomach, and small intestine are commonly referred 
to as the foregut whereas the large intestine is referred to as the hindgut. 
 At the mouth, selection of feed is possible by horses due to their prehensile lips. 
Saliva is secreted from the parotid, mandibular, and sublingual salivary glands. Salivary 
secretion is associated with feed consumption in horses, and saliva wets ingested food, 
lubricates the bolus during deglutition, and includes buffers and salivary amylase. Horses 
masticate their feed using their molars and chew in a round motion (Bonin et al., 2007). 
In the mature horse, the esophagus is 1.2 to 1.5 m long (Lewis, 1995). The 
stomach accounts for only a small portion of the total GIT capacity (8%) and can be 
divided into the glandular and non-glandular regions (Hintz and Cymbaluk, 1994). The 
glandular portion secretes pepsinogen and hydrochloric acid. 
 The small intestine is approximately 15 - 22 m long in the mature horse and 
accounts for 30% of total GIT capacity (Hintz and Cymbaluk, 1994; Lewis, 1995). The 
small intestine consists of the duodenum, jejunum, and ileum (proximal to caudal) and is 
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the primary site of enzymatic digestion. Digestive enzymes from the intestinal mucosa 
and pancreas, and bile from the liver are secreted into the proximal portion of the 
duodenum (Moore, 2003).  
 The hindgut accounts for approximately 66% of the total volume of the GIT even 
through hindgut length only accounts for 25% of the total GIT length (Stevens, 1977; 
Lewis, 1995).  
The first structure of the hindgut, the cecum, is located on the right side of the 
abdominal cavity and curves upwards in a comma shape to the apex (Lewis, 1995). The 
cecum is referred to as a blind fermentation sac due to the entrance of digesta from the 
ileum and exit of digesta to the right ventral colon are both at the base of the cecum 
(Lewis, 1995; Moore, 2003). Both upwards and downwards contractions move the 
digesta towards the ceco-colic junction to exit into the large colon (Van Weyenberg et al., 
2006). 
The large colon consists of four main structures, the right ventral colon, left 
ventral colon, left dorsal colon, and right dorsal colon that are connected by the sternal 
flexure, pelvic flexure, and diaphragmatic flexure, respectively. Each of the structures 
differs in morphology and function. The large colon is sacculated in the left and right 
ventral colons, but the pelvic flexure to the small colon is unsacculated. Digesta moves 
through these sacculated structures via bidirectional peristalsis (Sellers and Lowe, 1986). 
This bidirectional peristalsis allows for mixing and retention of the digesta in the hindgut 
for extended periods of time. 
The small colon and rectum are the remaining organs of the GIT. The small colon 
absorbs Na, K, and Cl to maintain electrolyte and water balance (Argenzio et al., 1974; 
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Argenzio and Stevens, 1975). Fecal balls are formed in the rectum, which also acts as a 
holding chamber for waste until the horse defecates. 
Carbohydrate Digestion 
Forages, grains, and grain by-products contain carbohydrates, which are a 
significant source of energy in equine diets (NRC, 2007). Forage carbohydrates can be 
divided into two categories, nonstructural and structural carbohydrates. 
Nonstructural carbohydrates (NSC) include simple sugars (monosaccharides and 
disaccharides), oligosaccharides, and some polysaccharides such as starch. There are two 
important forms of starch, amylose and amylopectin, that differ in structure. Amylose is 
straight chain of glucoses linked by α-1,4 glucosidic bonds, whereas amylopectin is a 
branched chain of glucoses linked by both α-1,4 glucosidic bonds and α-1,6 glucosidic 
bonds. Pancreatic α-amylase hydrolyzes α-1,4 glucosidic bonds in amylose and 
amylopectin to breakdown the long polysaccharides to maltose and dextrins in the small 
intestine (Gropper et al., 2009). These sugars can be further digested by maltase and α-
dextrinase on the brush border membrane to form glucose (Gropper et al., 2009). Glucose 
is then absorbed by the small intestine epithelium via SGLT1 transporters (Dyer et al., 
2002). 
Horses (and other mammals) lack the necessary enzymes to break the β-1,4 
glucosidic bond found in many structural carbohydrates, such as cellulose, hemicellulose, 
pectins, and gums. These structural carbohydrates are digested via microbial 
fermentation. This digestive strategy provides nutrients from the diet in the form of 
volatile fatty acids (VFA), such as acetate, butyrate, and propionate. Ammonia is also a 
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product of microbial fermentation. These products are used by the microbial community 
for growth, and they are also absorbed by the horse for use in metabolic reactions.  
Microbial organisms are present throughout the entire equine GIT (Mackie and 
Wilkins, 1988; Varloud et al., 2007), but the primary site of fermentation is the hindgut. 
In the hindgut, the amount of cellulolytic bacteria increases by nearly five times the 
amount found in the pre-cecal portions of the GIT (de Fombelle et al., 2003). 
Additionally, the large intestine has a much greater capacity for VFA absorption than the 
stomach (Argenzio et al., 1974; Miyaji et al., 2008).  
The type of VFA produced from microbial fermentation depends on the substrate. 
When the capacity for NSC digestion is surpassed in the small intestine, bypass NSC 
reach the hindgut. These NSC are rapidly fermented to the primary end products lactic 
acid, propionate, and butyrate whereas cellulose and hemicellulose are slowly fermented 
to acetate, propionate, or butyrate (Van Soest, 1994). Fructans, chains of fructose with a 
sucrose-initiating unit, that reach the hind gut are rapidly fermented into lactic acid, 
acetate, propionate, and butyrate (Hernot et al., 2009). The other component of the cell 
wall, lignin, is minimally fermented in the large intestine, and can decrease digestion of 
cellulose and hemicellulose due to physical and chemical interference with microbial 
fermentation (Jung, 1989). 
 The absorption of VFA produced in the large intestine in most mammals is 
remarkably high at 95 – 99% (von Engelhardt et al., 1989). Passive diffusion occurs in 
the direction of the electro-chemical gradient, from higher VFA concentration in the 
lumen to lower concentration in the blood (Argenzio et al., 1977). Also, VFA may be 
absorbed into the blood by paracellular transport (von Engelhardt et al., 1989). Volatile 
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fatty acids are found in their ionized form in the lumen; however, they are transported 
through the cell in their undissociated state (von Engelhardt et al., 1989; von Engelhardt 
et al., 1998). von Engelhardt et al. (1998) hypothesized that H+ ions for protonization of 
VFA came from H+ ions in the digesta, the dissociation of HCO3,  and Na
+/H+ exchanger. 
The rate of acetate absorption is greater than expected for simple diffusion, indicating the 
possibility of a VFA-substrate exchanger in the equine large intestine (Argenzio et al., 
1977), such as the exchangers found in rats (Mascolo et al., 1991) and humans (Harig et 
al., 1996).  
Evaluating Forages for Equine Diets 
Equine GIT tract anatomy provides horses with a large capacity for microbial 
fermentation of fibrous feeds; however, considerable variation exists in forage quality 
due to plant species and stage of maturity. There are many different methods that can be 
used to evaluate forage nutritive value and quality including chemical analysis, in vitro 
methods, and in vivo digestibility.  
Chemical Analyses 
 One of the first methods to analyze feedstuffs was proximate analysis (also known 
as the Weende system) that includes moisture, ash, crude protein (CP), ether extract 
(estimate of fat; EE), and crude fiber (CF) measurements. Additionally, nitrogen free 
extract (NFE) is calculated from these measurements to estimate digestible carbohydrates 
(% NFE = 100 – [% moisture + % CF + % CP + % EE + % Ash]). The proximate 
analysis measures CP, CF, and EE, are required to be reported on commercial horse feed 
labels in Kentucky (Kentucky Regulatory Services, 2013). 
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 Crude fiber measurement and NFE calculation have received criticism for not 
adequately describing the nonstructural and structural carbohydrates in feeds, especially 
for forages (Van Soest, 1967).  The detergent analysis system developed by Van Soest in 
the 1960s chemically partitions the plant cell components based on nutritional availability 
to ruminants (Table 2.1). The plant cell contents are considered highly available and 
include NSC, protein, and lipids. The plant cell wall includes the partially digested or 
indigestible portions of the cell such as the structural carbohydrates and lignin. 
 Feed samples are first washed in a neutral detergent that removes NSC, protein, 
and pectin from the sample, collectively referred to as neutral detergent solubles (NDS). 
The remaining fraction includes hemicellulose, cellulose, and lignin or the neutral 
detergent fiber (NDF). Samples are then washed with acid detergent solution that 
removes the hemicellulose from the sample leaving cellulose and lignin (referred to as 
acid detergent fiber; ADF). Lignin is determined by treating the sample with sulfuric acid 
or permanganate and then subtracting ash from the sample.  
Forage chemical composition is dependent on forage species and plant maturity 
(Table 2.2). Typically, legumes such as alfalfa (Medicago sativa) and clover (Trifolium 
spp.) are lower in NDF than grasses (Wilman and Rezvani Moghaddam, 1998). One 
reason for lower NDF content in legumes compared to grasses is that there is less 
hemicellulose and more pectin in legume plant cell walls. Legumes also have higher CP 
concentrations than most grasses (Ball et al., 2002). Within a forage species, early 
maturity plants are lower in fiber and higher in CP than late maturity plants indicating 
that these early maturity plants are higher in forage quality (Ball et al., 2002). 
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Additionally, with hays, harvesting practices and storage conditions can affect chemical 
composition (Baxter et al., 1986; Rotz and Abrams, 1988).  
Chemical analyses have been used to formulate several indexes to evaluate and 
compare forage nutritive value and quality. Rohweder et al. (1978) proposed hay-grading 
standards that are based on digestibility and intake experiments with small ruminants 
across the United States. In that study (Rohweder et al., 1978), ADF showed a strong 
negative correlation with in vivo digestibility (r = - 0.85, mean across all locations and 
forages) and NDF showed a negative correlation with dry matter intake (DMI; r = - 0.72, 
mean across all locations and forages). The Hay Marketing Task Force of the American 
Forage and Grassland Council used these results and results from other studies to create 
relative feed value (RFV; Rohweder et al., 1978), a hay grading index that relates hays to 
full bloom alfalfa (NDF = 53%, ADF = 41%).  Currently, 
RFV =
(88.9 − 0.779 x ADF) x
120
NDF
1.29
  
 Equation 2.1 
where ADF = the ADF concentration of the hay (DM basis) and NDF % = the NDF 
concentration of the hay (DM basis). The denominator was chosen so that full bloom 
alfalfa would have a RFV = 100.  
However, RFV is limited in some applications because it does not take into 
account the CP concentration of the hay and different equations may be needed for 
different types of forages (Moore et al., 1999; Moore and Undersander, 2002; 
Undersander and Moore, 2002). Moore and Undersander (2002) proposed a new index, 
relative forage quality (RFQ) to address some of these concerns. Unlike RFV, RFQ 
includes CP concentrations and is a different calculation for legumes and grasses 
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(Undersander and Moore, 2002). Additionally, estimates for forage digestibility are no 
longer made using ADF concentrations and instead use total digestible nutrient (TDN) 
calculations. Relative forage quality can be calculated as 
RFQ =
DMI x TDN
1.23
 
 Equation 2.2 
where DMI = DMI % body weight (BW) and can be calculated as  
DMI𝐿𝑒𝑔𝑢𝑚𝑒 =
120
NDF
+ (NDFD − 45) x
0.374
1350
∗ 100 
 Equation 2.2 
where NDF = NDF concentration (DM basis), NDFD = NDF digestibility as % of NDF 
for legumes, and as  
DMI𝐺𝑟𝑎𝑠𝑠 = −2.318 + 0.442 x CP − 0.01CP
2 − 0.638 x TDN + 0.000922 x TDN2
+ 0.180 x ADF − 0.00196 x ADF2 − 0.00529 x CP x ADF 
 Equation 2.3 
where CP = CP concentration (DM basis), TDN = TDN concentration (DM basis), and 
ADF = ADF concentration (DM basis) for grasses. Total digestible nutrients can be 
calculated as 
TDN𝐿𝑒𝑔𝑢𝑚𝑒 = 0.98 x NFC + 0.93 x CP + 2.1825 x FA + NDFn x
NDFD
100
− 7 
 Equation 2.4 
where NFC = nonfibrous carbohydrate (DM basis), CP = CP concentration (DM basis), 
FA = fatty acids ( FA = EE -1; DM basis), NDFn = nitrogen free NDF (DM basis), 
NDFD = 48 h in vitro NDF digestibility (% of NDF) for legumes and as  
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TDN𝐺𝑟𝑎𝑠𝑠 = 0.98 x NFC + 0.87 x CP + 2.1825 x FA + NDFn x
NDFDp
100
− 10 
 Equation 2.5 
where NFC = nonfibrous carbohydrate (DM basis), CP = CP concentration (DM basis), 
FA = fatty acids (FA = EE -1; DM basis), NDFn = nitrogen free NDF (DM basis), 
NDFDp = 22.7 + 0.664 x NDFD (NDFD = 48 h in vitro NDF digestibility; % of NDF) 
for grasses. 
 Relative feed value may be a good marketing tool in the hay business and RFQ 
addresses some nutritionally related concerns, but the application of these indices to the 
horse industry may be minimal.  Each index is based on ruminant experiments 
(Rohweder et al., 1978; Moore et al., 1999) which have shown reduced intakes and 
increased digestibilities compared to horses when consuming similar forages (Cymbaluk, 
1990; Särkijärvi et al., 2012). Currently, there are no modifications to RFV or RFQ 
equations for use with equines. 
In vitro Methods 
In vitro methods offer a practical method to assess forage nutritive value and 
quality. Initial development of in vitro dry matter digestibility (IVDMD) methods began 
in the 1960s and included several different methods used to simulate digestion by 
ruminants (Baumgardt et al., 1962; Tilley and Terry, 1963; Van Soest et al., 1966). 
Samples are digested in rumen fluid (serves as the inoculum) and buffer for 48 h to 
simulate microbial fermentation. In two-stage methods, samples are then digested in 
pepsin (Tilley and Terry, 1963) or neutral detergent solution (Van Soest et al., 1966). The 
Tilley and Terry (1963) method has shown a stronger correlation with in vivo results than 
the other methods (Meyer et al., 1971). Modifications have been made to the Tilley and 
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Terry (1963) method over the years in order to make the process more efficient, such as 
the development of a batch system to incubate samples using a DaisyII incubator (Ankom 
Technology, 2005). 
Application of these in vitro methods to equine digestion requires several 
modifications. First, another source of inoculum must be considered. Cecal fluid from 
horses could serve as the inoculum for in vitro procedures, but it often is difficult to 
obtain. Several researchers have successfully used horses’ feces for in vitro digestion 
experiments (Abdouli and Attia; 2007; Lattimer et al., 2007; Earing et al., 2010).  
Secondly, when using a two-stage IVDMD method, order of method needs to be reversed 
from the Tilley and Terry (1963) method in order to account for the difference in GIT 
anatomy between ruminants and horses. Abdouli and Attia (2007) and Fowler (2013) 
developed two-stage methods to determine IVDMD using a first step of pepsin and 
amylase digestion followed by a microbial fermentation step via the Tilley and Terry 
(1963) method or by use of the DaisyII incubator, respectively. 
Gas production techniques are another in vitro method that can be used for forage 
evaluation. Gas production techniques can be used to determine the extent of degradation 
or go beyond end-point analysis for the assessment of digestion kinetics, microbial 
efficiency, and VFA profiles (Dijkstra et al., 2005). Lowman et al. (1999) evaluated gas 
production of several common feedstuffs using equine fecal inoculum, but they were 
limited in interpreting the end-point degradation of the feeds because the microbial 
biomass could not be filtered from the undigested feed samples following incubation. 
More information is needed to evaluate the potential of gas production techniques for 
assessing forage utilization by equines. 
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Limited research has been conducted to compare the similarity of IVDMD and in 
vivo DMD by horses. Simulated hindgut fermentation using the DaisyII incubator has 
shown similarity to in vivo measurements (Lattimer et al., 2007; Earing et al., 2010). 
Lattimer et al. (2007) found that there were no differences between mean IVDMD and in 
vivo measurements for a high concentrate or high forage diet. Earing et al. (2010) 
demonstrated DMD of alfalfa hay and oats, timothy hay and oats, and timothy hay diets 
were comparable between in vivo and in vitro methods, but statistically different 
digestibility values were observed with an alfalfa hay diet between the two methods. At 
this time, no work has been reported on the similarity between the two-stage methods 
(Abdouli and Atia, 2007; Fowler, 2013) and in vivo DMD.  Further analysis using a wider 
range of forages and different IVDMD methods is needed to determine differences 
between in vivo digestibility and IVDMD for horses.  
In vivo Measurements 
 In vivo digestibility is considered the gold standard to evaluate forage quality. The 
first reported digestibility studies with horses occurred at agriculture experiment stations 
in the 1800s (Atwater and Langworthy, 1897). However, compared to most livestock 
species, the amount of research on feed digestibility by horses is relatively small. 
 In a typical digestibility trial, nutrient intakes and outputs (fecal) are measured. 
This method requires accurate measurement on dietary intake and composition that can 
be gathered from feed sample analysis, measuring feed offered, and feed refused. 
Measuring nutrient output is more difficult. For total fecal collection, metabolism stalls 
can be used; however, collection harnesses (special harnesses designed to collect excreted 
feces and urine) are preferred because they allow for more natural movement of horses 
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during collection periods. Additionally, feces can be collected from the floor of a clean 
stall.  
In some cases it is not possible to conduct total fecal collection, such as when 
studying grazing horses in a pasture, horses in competition, or mares (Goachet et al., 
2009). In these situations, metabolism stalls interfere with the design of the study, or with 
mares, urine cannot be separated from the collected feces. The use of internal or external 
markers can be used during these situations. Markers are not digested or absorbed from 
the GIT, and allow for calculation of fecal DM output and digestibility when total fecal 
collections are not made (Church, 1988). 
Internal markers include acid insoluble ash (AIA), indigestible ADF, and acid 
detergent lignin (ADL) that are naturally occurring compounds in many feeds (Wolter et 
al., 1979; Penning and Johnson 1983a,b). With horses, AIA digestion coefficients are 
higher than those determined by total fecal collection (Miraglia et al., 1999; Goachet et 
al., 2009). Acid detergent lignin was shown to be a poor internal marker for horses, 
possibly due to the low recovery of ADL in feces (Miraglia et al., 1999) or varying 
amounts of lignin digestibility by horses (range -24 – 32%; Fonnesbeck, 1968; Crozier et 
al., 1997). Additionally, Ordakowski et al. (2001) found that n-alkanes located in the 
cuticular wax of plants could be used as internal markers for equine digestibility research, 
and could provide a useful tool to determine pasture digestibility (Chavez et al., 2014). In 
a meta-analysis by Sales (2012) examining the use of markers to determine diet 
digestibility by horses, digestibility coefficients determined from AIA and n-alkanes 
showed no statistical differences from total fecal collection methods for all forage diets, 
but differences were observed when using AIA to determine digestibility of mixed diets. 
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External markers can be added to a basal diet or administered to the animal to 
determine digestibility. External markers include chromic oxide (Cr2O3), rare-earth 
elements, and chromium-mordanted fiber; however, much more research has been 
conducted using Cr2O3 as an external marker to determine digestibility than other 
markers (Church, 1988; Sales, 2012).  
Digestibility experiments do not need to be limited to total tract digestibility. 
Digestibility in different sections of the GIT can be determined through the use of 
cannulas or by euthanasia of horses (Hintz et al., 1971; Gibbs et al., 1988; Meyer, 1995; 
Varloud et al., 2004, Miyaji, 2008; Miyaji et al., 2014). These types of experiments can 
be useful to determine hindgut digestibility of forages (Varloud et al., 2004, Miyaji, 
2008; Miyaji et al., 2014). Hindgut NDF digestibility can range from 10% to over 50% 
depending on the segment of the hindgut and diet (Varloud et al., 2004, Miyaji et al., 
2008; Miyaji et al., 2014). Although these experiments provide a wealth of information, 
the use of cannulas is invasive and euthanasia is not a common practice in equine 
nutrition research in the United States. Additionally, terminal research approaches 
prevent the collection of data on multiple diets when animal numbers are limited. 
Many digestibility studies have been conducted to determine the digestibility of 
specific forages (Table 2.3). In general, legumes have higher digestibilities than grasses 
(Cymbaluk, 1990; Sturgeon et al., 2000; Earing et al., 2010), and early maturity forages 
are more digestible than late maturity forages within the same species (Bergero et al., 
2004; Staniar et al., 2010). Warm-season grasses typically have lower digestibilities than 
other forages (Crozier et al., 1997; Ordakowski-Burk et al., 2006), and this result may be 
due to the higher concentrations of fiber in these forages compared to others.  
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Rate of Passage 
 One aspect that influences forage degradation is the length of time forages are 
present the GIT. The longer feed is present at the site of digestion, the greater the 
digestibility (Mertens and Ely, 1982).  In sacco and in vitro methods demonstrate that 
incubation times are correlated to the extent of digestion (Koller et al., 1978; Flachowsky 
and Tiroke, 1993; Dewhurst et al., 1995). Cattle fed mixed diets had decreased 
digestibility when MRT decreased (Staples et al., 1984; Poore et al., 1990) 
Rate of passage research using horses didn’t begin until the 1940s. Alexander 
(1946) determined retention time in the equine GIT using carbon granules; however, the 
majority of passage rate research in horses began in the 1960s and 1970s. 
Rate of Passage Methodology 
 Digesta passage in the GIT can be divided into two phases, particulate and liquid. 
The particulate passage consists of the insoluble, undigested particles, whereas the liquid 
passage considers the soluble components of the digesta. These two phases travel at 
different rates through the digesta tract, and therefore need to be studied as two different 
components of the digesta. 
Retention time can be determined directly, but animals must be cannulated or 
euthanized to determine gut fill. Thus, the most common methods include the use of an 
external marker. The marker is dosed or fed to horses and then, at set sampling points, 
digesta or fecal samples are taken and analyzed for marker concentration. Samples are 
often taken from the feces (Alexander, 1946; Drogoul et al., 2001; Rosenfeld et al., 2006; 
Miyaji et al., 2014); however, they can be taken from cannulas or from the GIT following 
animal euthanasia (Argenzio et al., 1974; Miyaji et al., 2014).  
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 Separate markers are used to determine particulate and liquid passage rate. 
According to Kotb and Luckey (1972) markers must be a) inert or non-toxic, b) neither 
absorbed nor metabolized in the GIT, c) must have no appreciable bulk, d) mix and 
remain uniformly distributed in the digesta, e) must not affect the GIT and microbial 
population, and f) must be quantifiable. As with digestibility studies, external markers for 
the particulate phase include Cr2O3, rare-earth elements, and chromium-mordanted fiber.  
Some researchers have used Styrofoam particles, colored beads, or dyed particles to 
determine rate of particulate passage (Hintz and Loy, 1966; Elfenbein et al., 2011), but 
these methods may have errors. Cattle experiments showed errors in determined rate of 
passage with beads due to their physical properties such as specific gravity and shape 
(des Bordes and Welch, 1984; Welch, 1990). Liquid phase markers are much less diverse 
than particulate phase markers. Typically, ethylenediaminetetraacetic acid (EDTA) 
chelations with cobalt (Co) or Cr are used (Udén et al., 1980). These chelates are water-
soluble and remain in the liquid phase throughout the GIT. 
 When sampling feces for marker concentration, total fecal collections (Drogoul et 
al., 2001; Moore-Colyer et al., 2003; Pearson et al., 2006; Miyaji et al., 2011; Earing et 
al., 2013; Clauss et al., 2014) or partial sampling (Austbø and Volden, 2006; Rosenfeld et 
al., 2006; Goachet et al., 2010) can be conducted. Total fecal collections offer the 
advantage that total marker excretion can be determined allowing for percent recovery 
calculations. Also, total fecal collections are often already being conducted as part of a 
concurrent digestibility study (Miyaji et al., 2011; Earing et al., 2013; Clauss et al., 
2014). Partial sampling the feces is useful when total collections cannot be conducted, 
and they are less labor intensive than total collections (Goachet et al., 2010). Rectal 
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sampling allows for precise time point measurements (Austbø and Volden, 2006; 
Rosenfeld et al., 2006). 
 Retention time is calculated based on the amount or concentration of marker 
excreted at a specific time point. In the literature, retention time is often described as 
mean retention time (MRT), or the integrated average time between marker ingestion and 
excretion (simply, the time at which 50% of the marker has been excreted; Van 
Weyenberg et al., 2006). The two most common calculations to determine MRT are from 
Blaxter et al. (1956), which is based on marker amounts, and from Thielemans et al. 
(1978), which is based on marker concentrations. The Blaxter et al. (1956) equation is as 
follows: 
MRT =  
∑ 𝑚𝑖𝑡𝑖
∑ 𝑚𝑖
 
 Equation 2.6 
where  mi = the amount of marker at the ith sample and ti = the middle of the ith sampling 
interval. Thielemans et al. (1978) published the following equation: 
MRT =  
∑ 𝑡𝑖𝐶𝑖∆𝑡𝑖
∑ 𝐶𝑖∆𝑡𝑖
 
 Equation 2.7 
where ti = time from dosage to the middle of the ith sampling interval, Ci = concentration 
of marker in the ith sample, and Δti = time interval (h) between two samples. The 
literature reports MRT in horses using both methods. Earing (2011) did not find any 
difference in determining MRT between the two equations in both growing and mature 
horses.  
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 The use of compartmental models can also be used to determine MRT. Dhanoa et 
al. (1985) and Pond et al. (1988) developed multi-compartmental models to describe 
digesta passage in ruminants that have been recently applied to horses (Moore-Colyer et 
al., 2003; Austbø and Volden, 2006, Rosenfeld et al., 2006; Murray et al., 2009; Miyaji et 
al., 2011). Compartmental models assume that digesta moves through different 
compartments at different rates (Figure 2.2).  
The model derived by Dhanoa et al. (1985) is based on first order kinetics and fits 
the natural logarithmic transformation of the fecal marker outflow rate: 
ln
dXn
dt
= lnA − k1t − (n − 2)e
−(k2−k1)t 
 Equation 2.8 
where A, k1 and k2 are model parameters and n is the number of compartments. Mean 
retention time can then be calculated as 
MRT =
1
k1
+
1
k2
+ ∑
1
k2 + (𝑖 − 2)(k2 − k1)
 ,                 k2 > k1
N−1
𝑖=3
 
 Equation 2.9 
where k1 and k2 are rate parameters and i represents the ith sample. The term 
∑
1
𝑘2+(𝑖−2)(𝑘2−𝑘1)
 𝑁−1𝑖=3  is said to represent the transit time of digesta markers, or the time 
from dosing the marker to the first appearance of marker in the collected sample. Miyaji 
et al. (2011) were able to utilize the Dhanoa et al. (1985) model to fit fecal marker 
excretion and determine MRT in horses, but for other researchers that model failed to 
converge (Moore-Colyer et al., 2003; Murray et al., 2009). Moore-Colyer et al. (2003) 
suggested that this model (Dhanoa et al., 1985) failed to converge with equine data 
because digesta flow is an age-dependent process and the Dhanoa et al. (1985) model is 
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age-independent. The Dhanoa et al. (1985) model is a deterministic model, with a set 
order of compartments, which could decrease the suitability of this model to fit equine 
fecal marker excretion data due to the differences in equine and ruminant GIT anatomy. 
 Pond et al. (1988) developed stochastic models to describe marker passage 
through one or two theoretical compartments. The one compartment model is an age-
dependent model, that is the rate at which the marker moves through the compartment is 
dependent on the amount of time the marker has been in the compartment. In the two-
compartment model, one compartment is age-independent and the other compartment is 
age-dependent. Both models utilize a gamma distribution to determine the probability 
that the marker will escape the compartments (Pond et al., 1988). The general Pond et al. 
(1988) two-compartment model uses the concentration of marker in the feces, 
[Marker] = 𝐶2 [𝛿
𝑛𝑒−𝑘2𝑡 − 𝑒−𝜆1𝑡 ∑
𝛿𝑛(𝜆1𝑡)
𝑛−𝑖
(𝑛 − 𝑖)!
𝑛
𝑖=1
] 
 Equation 2.10 
where C2 is the initial concentration in the time dependent compartment assuming 
instantaneous mixing, n = the order of the gamma distribution, t = time after dose of 
marker, and 𝛿 =
𝜆1
𝜆1−𝑘2
 where λ1 is the rate of the marker leaving the age-dependent 
compartment and k2 is the rate of the marker leaving the age-independent compartment. 
Increasing the order of gamma distribution decreases the transit time observed in the 
model (Pond et al., 1988; Austbø and Volden, 2006). Total tract MRT can be calculated 
as the sum of the compartmental MRT and transit time 
MRT =
n
𝜆1
+
1
𝑘2
+  𝜏 
 Equation 2.11 
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where λ1 and k2 are the compartmental rate constants, n is the order of the model, and τ is 
the transit time. Evaluations of the Pond et al. (1988) model have shown good fit with 
equine data, specifically the two compartment age-dependent gamma-3 and gamma-4 
models (Moore-Colyer et al., 2003; Austbø and Volden, 2006, Rosenfeld et al., 2006, 
Murray et al., 2009). Mean retention time was similar between model calculations and 
algebraic methods to determine MRT for horses consuming forage and mixed diets 
(Moore-Colyer et al., 2003; Austbø and Volden, 2006; Murray et al., 2009). 
Moore-Colyer et al. (2003) hypothesized the two compartments of the Pond et al. 
(1988) model represented the large colon for the age-dependent compartment and the 
cecum for the age-independent compartment, because retention time in the colon is 
longer than the retention time in the cecum (Argenzio et al., 1974). Transit time takes into 
account the remaining structures of the GIT. The models of Pond et al. (1988) could 
potentially allow for insight into the length of time digesta spends in the fermentation 
compartments in the horses; however, other researchers have not been able to support the 
hypothesis of Moore-Colyer et al. (2003). Other researchers have found the age-
dependent compartmental retention time was shorter than the age-independent retention 
time (Murray et al., 2009). Clearly, future work with modeling could potentially benefit 
the understanding of equine digestion as a noninvasive method to determine rate of 
passage in different segments of the equine GIT. 
Factors Affecting Rate of Passage  
 Particulate MRT reported in the literature for horses ranges from 14 h to over 50 h 
depending on marker, collection methods, diets, and experimental variation (Van 
Weyenberg et al., 2009). Dietary factors such as level of intake (Pearson et al., 2001; 
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Miraglia et al., 2003; Pearson et al., 2006; Clauss et al., 2014) and feed processing have 
all been shown to influence MRT in horses (Drogoul et al., 2000; Moore-Colyer et al., 
2003; Miyaji et al., 2011). Additionally, animal factors have been shown to affect MRT 
in horses such as physiological status and exercise (Pagan et al., 1998; Miragalia et al., 
2003). Liquid MRT is typically shorter than particulate MRT.  
Level of intake has been shown to affect rate of passage in ruminants (Grovum 
and Williams, 1977; Staples et al., 1984; Colucci et al., 1990; Pearson et al., 2006) and 
horses (Pearson et al., 2001; Miraglia et al., 2003; Pearson et al., 2006; Clauss et al., 
2014). When forage intake to horses is restricted, particulate MRT has been shown to 
increase by 11.9 – 35.5% and liquid MRT by 11.0 – 20.6% (Pearson et al., 2001; Pearson 
et al., 2006). Clauss et al. (2014) indicated that particulate and liquid MRT decreased 
when ponies were allowed ad libitum access to grass hay (93 g/kg BW0.75) compared to 
being fed restricted amounts (77 g/kg BW0.75, 55 g/kg BW0.75, and 31 g/kg BW0.75). In 
that study (Clauss et al., 2014), the authors used available literature to develop a non-
linear equation to relate diet intake and particulate MRT (MRT (h) = 559xDMI-0.66 where 
DMI = dry matter intake in g/kg BW0.75; Figure 2.3). However, not all research has 
shown a strong relationship between DMI and MRT. Miraglia et al. (2003) found 
differences in MRT between ad libitum intake (117 g/ kg BW0.75) and restricted feed 
intake (73 g/ kg BW0.75) in dry heavy mares, but no differences were observed in MRT in 
light horses or reproductive heavy mares at different intakes (Light horses: ad libitum 100 
g/ kg BW0.75, restricted 72 g/ kg BW0.75; reproductive heavy mares: high intake 162 g/ kg 
BW0.75, restricted 113 g/ kg BW0.75). 
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 Forage processing can result in differences in MRT (Drogoul et al., 2000; Moore-
Colyer et al., 2003; Miyaji et al., 2011). Grinding and pelleting forages increased 
particulate MRT in horses compared to chopped forages when fed at similar intakes 
(Drogoul et al., 2000; Miyaji et al., 2011). Drogoul et al. (2000) found grinding and 
pelleting hay increased liquid MRT compared to chopped hay, but Miyaji et al. (2011) 
noted no statistical differences in liquid MRT due to hay processing. Moore-Colyer et al. 
(2003) found particulate MRT decreased due to chopping grass silage compared to 
unchopped silage, but no differences were observed between unchopped and chopped hay 
MRT. In that study (Moore-Colyer et al., 2003), liquid MRT was not determined.  
 The relationship between forage chemical composition and MRT is not clearly 
understood. If horses consume a high fiber, restricted diet, increasing MRT may increase 
nutrient availability, compensating for the low nutrient intake (Duncan et al., 1990). In 
ruminants, stem particles, which have high fiber concentrations, have longer MRT than 
leaf particles (Poppi et al., 1980; Cherney et al., 1991). With horses, Miyaji et al. (2011) 
fed both late vegetative and late bloom timothy hay at 1.6% BW and reported no 
statistical difference in particulate or liquid phase MRT, but there was only an 8% 
difference in the NDF concentrations of those forages. Clauss et al. (2014) fed two grass 
hays with similar fiber concentrations (67.6% and 69.5% NDF) to ponies and reported 
differences in MRT within an intake level although MRT were not analyzed for statistical 
differences between the two forages.  
Comparing different forage types, Coleman et al. (2003) reported that goats fed 
chopped alfalfa had a particulate MRT of 22.1 h, but when they were fed bermudagrass 
hay, MRT increased to 86.7 h. However, in that study, intake was greatly different 
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between the two diets (Alfalfa OMI = 25.0 g/kg BW, Bermudagrass OMI = 19.2 g/kg 
BW). Different forages fed at similar intakes did not appear to affect MRT in goats 
(Coleman et al., 2003). In horses, Pearson et al. (2001) found the alfalfa particulate MRT 
was 30.5 h whereas oat straw MRT was 36 h at similar intakes (Pearson et al., 2001). 
However, other studies have shown the opposite effect such that higher fiber forages had 
decreased retention times compared to low fiber forages (Moore-Colyer et al., 2003; 
Pearson et al., 2006). Moore-Colyer et al. (2003) showed a low fiber diet (NDF = 50%) 
had an increased MRT (28.24 h) compared to a high fiber diet (NDF = 70%, MRT = 
24.02 h) fed at similar intakes. 
Differences in MRT could be due to morphological or chemical differences in 
forages besides chemical composition. For ruminants, particle density or particles stuck 
in the fiber mat could affect particle passage rate (Cherney et al., 1991). For horses, 
water-holding capacity of forages may be a greater contributing factor than diet chemical 
composition to rate of passage (Van Weyenberg et al., 2006). Further work is needed to 
understand the role of diet composition on digesta passage through the GIT in horses.  
Summary and Rationale 
 Forages play an important role in equine diets. Forage utilization by horses can be 
predicted by chemical composition and in vitro studies, but the gold standard to 
determine forage utilization is through in vivo digestibility studies. Forages that are lower 
in fiber concentrations generally have greater digestibilities than forages that are high in 
fiber concentrations (Cymbaluk, 1990; Sturgeon et al., 2000; Eckert et al., 2010). 
Increased digestibility of these forages may be the result of an increase in highly 
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digestible components found in these forages or due to different physiological responses 
in the digestive tract due to the different quality of hay.  
 Forage chemical composition may also influence rate of passage in the GIT. 
Some studies have indicated diets with high fiber concentrations have shorter retention 
times than low fiber diets (Cuddeford et al., 1995; Pearson et al., 2006); however, 
Pearson et al. (2006) found that alfalfa hay had a shorter retention time than oat straw. 
Comparison of rate of passage studies is difficult due to differences of dietary intake, 
markers used, sampling methods, and calculations of MRT, therefore additional studies 
are needed to assess the effect of forage composition on rate of passage in horses. Using 
mathematical models to analyze fecal marker excretion could additionally allow for 
estimates of compartmental kinetics. 
Objectives 
 The first objective of this project was to determine the effect of forage chemical 
composition on forage utilization by horses. The second objective was to investigate the 
influence of forage composition on diet digestibility and rate of passage. 
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Table 2.1. Nutritional availability of plant cell fractions (Adapted from Van Soest, 1966). 
 Nutritional Availability 
 Ruminant Nonruminant 
Cell Contents   
Soluble Carbohydrates Complete Complete 
Pectin Complete High 
Nonprotein Nitrogen High High 
Protein High High 
Lipids High High 
Other Solubles High High 
Cell Wall   
Hemicellulose Partial Low 
Cellulose Partial Low 
Heat-damaged Protein Indigestible Indigestible 
Lignin Indigestible Indigestible 
 
 
 
 
 
Table 2.2. Average fiber and lignin concentrations of different types of forages. 
Forage Type1 CF2, % NDF2, % ADF2, % Lignin2, % 
Legume Hay 25.5 38.8 30.6 7.1 
Grass Hay 31.4 62.7 39.0 5.9 
Bermudagrass Hay 28.9 66.7 35.5 5.7 
1All values from Dairy One Feed Composition Library (Accumulated crop years 
5/1/2000 – 4/30/2014).  
2Values reported on a 100% DM basis. 
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Table 2.3. Digestibility of select forages by horses. 
Study Description of Forage(s) DMDa NDFD ADFD 
Aiken et al. (1989) Bermudagrass hay1 43 45.5 35.7 
Crozier et al. (1997) Alfalfa hay1 
Caucasian bluestem1   
Tall fescue hay1  
58 
44 
48 
47 
41 
44 
35 
33 
37 
Cymbaluk (1990) Alfalfa hay1 
Altai wildrye hay1  
Bromegrass hay1  
Crested wheatgrass hay1  
Kentucky bluegrass hay1 
Reed canarygrass hay1 
64.4 
47.0 
47.7 
42.1 
44.8 
38.5 
50.7 
49.9 
44.4 
40.6 
50.8 
33.7 
42.5 
39.4 
29.1 
25.8 
39.7 
21.1 
Cymbaluk and 
Christensen (1986) 
Alfalfa hay1 
Brome grass hay1  
Oat hay1 
Slough hay1  
62.0 
51.4 
54.8 
42.7 
 
 
40.9 
38.8 
37.4 
41.6 
Dugan et al. (1993) Coastal bermudagrass hay1  
Flaccidgrass hay1 
48.5 
43.6 
42.6 
41.8 
34.3 
34.3 
Earing et al. (2010) Alfalfa hay3  
Timothy hay3 
56.9 
46.3 
44.3 
34.7 
 
Eckert et al. (2010) Coastal bermudagrass hay1  
Perennial peanut hay1 
Tifton- 85 bermudagrass hay1 
53 
65 
52 
50 
44 
46 
 
Holland et al. (1998) Alfalfa/orchardgrass mix hay1 56.8 53.2 46.6 
Hussein et al. (2004) Alfalfa hay3 55.0 41.1 37.2 
Miraglia et al. (2006) Meadow hay1 56.7 50.7 43.2 
Miyaji et al. (2008) Timothy hay1 41.5 37.9 37.4 
Moore-Colyer et al. 
(2003) 
Timothy/perennial ryegrass 
hay1 
48 43 39 
Ordakowski-Burk et 
al. (2006) 
Reed canary grass hay1  
Timothy hay1  
45.9 
55.5 
37.8 
54.5 
24.3 
41.9 
Ott (1981) Bermudagrass hay1 49.7 43.5 39.8 
Pagan and Jackson 
(1991) 
Alfalfa hay1 
Alfalfa/bermudagrass straw 
blend2 
66.0 
51.8 
39.0 
39.1 
41.3 
32.2 
Staniar et al. (2010) Teff hay1 55.3 55.7 55.3 
Sturgeon et al. (2000) Alfalfa hay1 
Bermudagrass hay1  
Matua hay1  
63.39 
51.60 
58.65 
50.14 
51.69 
59.36 
45.22 
43.53 
50.53 
Thompson et al. (1981) Alfalfa hay1 54.35  40.56 
1Long stem forage 
2Pelleted forage 
3Cubed forage 
aDigestibility, % 
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Figure 2.1.  Equine gastrointestinal tract anatomy (Van Weyenberg et al., 2006). 
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Figure 2.2. Generic multicompartmental model to describe digesta passage. Digesta 
flows through one compartment to the next at defined rates. The variables X1, X2,…, Xn 
represent the amount of digesta or marker in each compartment and k1, k2,…, kn-1 
represent the rate constants. 
 
  
X1 X2 
 
Xn: Feces 
 
… 
 k2 
 
k1 
 
kn-1 
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Figure 2.3. Relationship between dry matter intake (DMI) and mean retention time 
(MRT) in horses and ponies (MRT (h) = 559xDMI-0.66 where DMI = dry matter intake in 
g/kg BW0.75; Adapted from Clauss et al., 2014). 
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CHAPTER 3: FORAGE FACTORS INFLUENCING DIET DIGESTIBILITY  
Rationale 
 Digestibility is one of the factors that affects the feeding value of forage. The gold 
standard for determining forage digestibility by horses is an in vivo digestibility trial; 
however, determining in vivo digestibility is costly and labor intensive. Additionally, 
extended periods of time are required to adapt horses to diets and to collect and analyze 
fecal material.  Thus, there has been considerable investigation and method development 
in order to evaluate forage digestibility without the use of a feeding study, such as using 
the chemical partitions of plant cell wall and cell contents (Van Soest, 1967) to predict 
forage digestibility (Rohweder et al., 1978). 
Forage composition has often been used to infer forage quality, with greater NDF 
and ADF concentrations indicating a lower quality, less digestible forage. Ruminant 
nutritionists and forage scientists have often used forage chemical composition to assess 
feeding value and have developed indices such as RFV and RFQ (Moore and 
Undersander, 2002). Indices and chemical composition provide a virtually instantaneous 
evaluation of forage quality, but further work is needed to clarify the relationships 
between chemical composition and forage digestibility by horses. 
Using previously published research studies, the objectives of this study were to 
determine if chemical composition could be used to predict forage digestibility by horses 
and to develop a model for predicting DMD. We hypothesized that forage NDF and ADF 
concentrations would be the most useful predictors of forage digestibility and with 
increasing concentrations of NDF and ADF forage digestibility would decrease. 
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Materials and Methods 
In order to obtain a large range of values for in vivo forage digestibility by horses, 
a literature search was conducted utilizing the search engine Google Scholar from 
January 1, 2013 through January 23, 2013 for articles published in the last 30 y. 
Keywords searched for included “digestibility”, “horses”, and “forage”. Articles and 
abstracts were selected based on the use of total fecal collections in mature horses or 
ponies fed 100% forage diets. Studies using internal or external markers, young horses (< 
2 y of age), or those determined to have non-standard practices (bedding not removed 
during fecal collection periods, short dietary adaptation, or inadequate description of 
calculations or methods) were excluded from analysis. Studies were included if a portion 
of the study fit all of the criteria (Example: For a study comparing forage digestibility 
between growing and mature horses, only the mature horse data were retained for 
analysis). Additionally, the same criteria were applied to the proceedings from the Equine 
Nutrition and Physiology Symposium and Equine Science Symposium from 1968 
through the year 2011. The literature search resulted in 25 studies that fit the criteria 
(Table 3.1). 
Data collected from these studies included NDF, ADF, CP concentrations of the 
forages, and DMD (Table 3.2; Appendix 1). Additionally, the amount of hemicellulose 
(HEM) in the forage was estimated by HEM = NDF (DM Basis) – ADF  (DM Basis). 
The percent of ADF in the NDF portion of the forage (PER) was calculated by PER = 
ADF (DM Basis)/NDF (DM Basis) * 100.  In total, there were 62 DMD values from 62 
forage diets. There were 56 measurements of NDF concentrations, 62 measurements of 
ADF concentrations, 61 measurements of CP concentrations, 56 measurements of HEM, 
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and 56 measurements of PER. There were 56 DMD measurements with a comprehensive 
report of forage composition (included each of NDF, ADF, and CP concentrations). 
The mathematical relationships between diet digestibility and forage composition 
using data from the selected studies were evaluated utilizing both simple and multiple 
linear regression. Explanatory variables included NDF, ADF, and CP concentrations of 
the forages in addition to calculated HEM and PER values. Multiple linear regression 
used a combination of these explanatory variables. Polynomial regression was completed 
using the square of each explanatory variable. A classification variable for type of forage 
was not included due to the small number of available forage diets for certain types of 
forages (Only one measurement for warm season legume forages, and less than 15 
complete measurements for cereal grain hays, cool-season grasses, and cool-season 
legumes). 
In order to assess the validity of a model, predicted DMD based on forage 
composition was compared to in vivo results reported by Clauss et al. (2014) that were 
published after the initial literature search took place. In that study, four mature ponies 
had ad libitum access to two hays of different quality (Hay 1: NDF = 67.6%, ADF = 
36.0%, CP = 10.5%; Hay 2: NDF = 69.5%, ADF = 38.6%, CP = 5.8%; DM basis) for two 
dietary periods. Reported in vivo DMD values were 48% ± 2% (mean ± SD) and 43% ± 
4% for each hay, respectively. 
Statistical Analysis 
 Regression analysis was performed with the PROC REG procedure of SAS 
software (Version 9.3; SAS Institute, Inc., Cary, NC). Simple linear regression models 
were compared using the coefficient of determination (r2), whereas multiple linear 
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regression models were evaluated based on the adjusted R2 (adj. R2). The use of the adj. 
R2 in multiple regression models was necessary in order to account for a continual 
increase in the multiple coefficient of determination when additional explanatory 
variables were added to the model.  
Results and Discussion 
 Simple linear regression indicated that all forage composition factors were 
significant to predict in vivo DMD (Table 3.3); however, the best fit of the data available 
was achieved when using NDF concentrations of forages (r2 = 0.5867; Figure 3.1). Crude 
protein concentrations showed the second best fit to the data available (r2 = 0.4966). 
These results are similar to results from Martin-Rosset et al. (2012) that showed 
digestible organic matter (OM) was related to CP, CF, NDF, and ADF concentrations of 
legume and grass hays, again demonstrating the best linear fit was achieved when using 
NDF concentration to predict forage digestibility by horses (r2 = 0.707). The coefficients 
of determination for all comparable equations were greater in that study than the current 
study. A possible reason for the better fit observed by Martin-Rosset et al. (2012) could 
be that the digestibility studies used by those researchers were all conducted at the French 
Institute for Agricultural Research which would allow for more consistency of study 
methods. Additionally, in that study (Martin-Rosset et al., 2012), most of the forages 
were cool season grass hays, so a representative sample of all common forages fed to 
horses may not have been achieved. 
The relatively low coefficient of determination (r2 = 0.3513; Figure 3.2) for ADF 
concentration to predict in vivo DMD was unexpected because ADF has often been used 
to determine forage digestibility by ruminants. For example, the recommended equation 
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by National Forage Testing Association (NFTA) to determine digestible DM (DDM) 
when calculating RFV of a forage is DDM = 88.9 – 0.770*ADF (DM basis) 
(Undersander et al., 1993). However, it is important to consider that the equation has 
been shown to poorly predict DDM in some instances (Moore and Undersander, 2002). 
Rohweder et al. (1978) also found forage ADF concentrations were useful to predict 
alfalfa DMD, but the fit was poorer with grasses than legumes. Forage ADF 
concentrations may not have fit the data well in the current study because the data set 
used a wide variety of forages, including warm and cool-season grasses and legumes. 
Additionally, ADF concentrations had a relatively small range of values compared to 
other cell wall components considered in regression analysis and may have lead to the 
poor fit shown in this study.  
When using multiple linear regression, the best fit for forage composition to 
predict in vivo DMD was achieved (as determined by the adj. R2) with the inclusion of 
the predictor variables NDF and CP (Table 3.4).  Dry matter digestibility was related to 
NDF and CP concentrations by 
DMD = 66.1178 − 0.3410 ∗ NDF + 0.6356 ∗ CP 
 Equation 3.1 
where NDF = NDF concentration (DM basis) and CP = CP concentration (DM basis; P < 
0.0001, R2 = 0.6523, adj. R2 = 0.6392). The addition of any third forage composition 
explanatory variable did not increase the fit of the model nor were all three explanatory 
variables in those models statistically significant. These results indicate that NDF and CP 
concentrations of forages are the best forage analysis measures to consider when 
predicting forage digestibility by horses and assessing feeding value. These results can 
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easily be applied by horse owners to instantaneously compare forages, as higher quality 
forages will have lower NDF concentrations and higher CP concentrations than other 
forages available. 
 Polynomial variables were not significant in the models when using one forage 
composition variable (for example, relating DMD to NDF and NDF2). Due to the 
increased fit of NDF and CP predictor variables compared to other forage composition 
variables, polynomial regression was carried out with a combination of NDF, NDF2, CP, 
and CP2 (Table 3.5). The best fit for polynomial regression was achieved when DMD was 
related to NDF, CP, and CP2 by 
DMD = 60.9233 − 0.3698 ∗ NDF + 1.9777 ∗ CP − 0.0555 ∗ CP2 
 Equation 3.2 
where NDF = NDF concentration (DM basis) and CP = CP concentration (DM basis; P < 
0.0001, R2 = 0.6706, adj. R2 = 0.6516). 
 Results from Clauss et al. (2014) were used to assess the validity of Equation 3.1 
and Equation 3.2 (Figure 3.3). For two different hay qualities, Equation 3.1 model 
predicted in vivo DMD values were 49.7% and 46.1% compared to actual in vivo values 
of 48% and 43%, respectively. Both predicted values are within one standard deviation of 
the actual values. Equation 3.2 predicted DMD was 50.6% for hay 1, within two standard 
deviations of observed values, and 44.8% for hay 2, within 1 standard deviation of 
observed values. Even though this is a small test of model validity, results are 
encouraging that these equations can be used to predict DMD by horses based on forage 
chemical composition. More independent data sets are needed in order to test the models 
for a range of forage composition values and determine if there is a difference between 
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the two equations; however, this step is currently limited by the publication of more 
applicable studies. 
Conclusions 
 With a large range of in vivo DMD values from published equine forage 
digestibility research, regression results indicated digestibility was related to NDF and CP 
concentrations. The forages included had NDF concentrations between 32.8% and 83.3% 
and CP concentrations between 3.9% and 22.1% (DM basis). Forage digestibility was 
negatively correlated to NDF concentrations and positively correlated to CP 
concentrations. These findings can be used to quickly assess forage composition and 
determine more digestible forages, and therefore, forages with greater feeding value. 
Further work is needed to determine if this model is applicable to forages with nutrient 
compositions beyond the range of forages used to create the model. Individual models for 
different forage types may be needed, but the limited number of digestibility studies 
available do not allow for that analysis at this time. 
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Table 3.1. Summary of studies used to estimate in vivo forage digestibility. 
Study Description of Forage(s) n 
Animal 
Type 
Gender 
Fecal 
Collection (d) 
Aiken et al. 
(1989) 
Bermudagrass hay1 4 Horse Geldings 4 
Bergero et al. 
(2004) 
Natural meadow hay1  
Sainfoin hay1 
4(5)a Horse Geldings 6 
Crozier et al. 
(1997) 
Alfalfa hay1 
Caucasian bluestem1   
Tall fescue hay1  
6 Horse Geldings 5 
Cuddeford et 
al. (1995) 
Molassed dehydrated alfalfa 
hay2 
8 
Horses 
and 
Ponies 
Geldings 7 
Cymbaluk 
(1990) 
Alfalfa hay1,3 
Altai wildrye hay1  
Bromegrass hay1  
Crested wheatgrass hay1  
Kentucky bluegrass hay1 
Reed canary grass hay1 
6 Pony Geldings 4 
Cymbaluk 
and 
Christensen 
(1986) 
Alfalfa hay1,3  
Barley hay3  
Brome grass hay1  
Oat hay1,3 
Slough hay1  
4 Pony Geldings 6 
Drogoul et 
al. (2000) 
50/50 Mix Lucerne and 
Cocksfoot2,3 
10 Pony Geldings 6 
Dugan et al. 
(1993) 
Coastal bermudagrass hay1 
Flaccidgrass hay1 
4 Horse Mares 5 
Earing et al. 
(2010) 
Alfalfa hay4  
Timothy hay4 
4 Horse Geldings 5 
Eckert et al. 
(2010) 
Coastal bermudagrass hay1 
Perennial peanut hay1 
Tifton- 85 bermudagrass hay1 
6(5)b Horse Geldings 4 
Holland et al. 
(1998) 
Alfalfa/orchardgrass mix hay1 4 Horse Geldings 10 
Hussein et al. 
(2004) 
Alfalfa hay4 4 Horse Geldings 5 
Lieb and 
Mislevy 
(2001) 
Coastal bermudagrass1  
Florakirk bermudagrass hay1 
Florona stargrass hay1  
Tifton-85 bermudagrass hay1 
4 Horse Geldings 5 
Miraglia et 
al. (2006) 
Meadow hay1 4 Horse Geldings 6 
Miyaji et al. 
(2008) 
Timothy hay1 3 Horse 
Geldings 
and 
Mares 
4 
Moore-
Colyer et al. 
(2003) 
Timothy/perennial ryegrass 
hay1 
4 Pony Geldings 7 
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Table 3.1. (Continued) 
1Long stem forage 
2Chopped forage 
3Pelleted forage 
4Cubed forage 
aOne horse added to the study for a period 
bOne horse removed from the study for a period 
 
  
Ordakowski-
Burk et al. 
(2006) 
Reed canary grass hay1 
Timothy hay1  
6(5)b Horse Geldings 4 
Ott (1981) Bermudagrass hay1 4 Horse Geldings 5 
Pagan and 
Jackson 
(1991) 
Alfalfa hay1,3  
Alfalfa/bermudagrass straw 
blend3 
4 Horse Geldings 5 
Pearson et al. 
(2001) 
Molassed dehydrated alfalfa 
hay2  
Molassed dehydrated oat straw2 
4 Pony Geldings 7 
Staniar et al. 
(2010) 
Teff hay1 6 Horse Mares 3 
Sturgeon et 
al. (2000) 
Alfalfa hay1 
Bermudagrass hay1  
Matua hay1  
6 Horse Geldings 4 
Thompson et 
al. (1981) 
Alfalfa hay1 4 Horse Geldings 5 
Thompson et 
al. (1984) 
Alfalfa hay1 4 Horse Geldings 5 
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Table 3.2. Nutrient composition of forages used in digestibility studies.  
 
 
Cereal 
Grain hays 
Cool Season 
Grass 
Forages 
Cool Season 
Legume 
Forages 
Warm 
Season 
Grass 
Forages 
Warm 
Season 
Legume 
Forages 
Mixed 
Forages1 
All Forages 
NDF 
n 4 13 14 16 1 8 56 
% DM2 71.7 ± 1.23 66.6 ± 1.46 44.8 ± 1.95 73.6 ± 1.69 46.0 59.3 ± 2.86 62.1 ± 1.75 
Range 68.9 – 74.9 59.5 – 76.5 32.8 – 55.0 60.9 – 83.3 - 50.3 – 70.6 32.8 – 83.3 
ADF 
n 5 15 17 16 1 8 62 
% DM 44.6 ± 2.79 39.1 ± 1.05 34.1 ± 1.06 37.5 ± 1.14 34.0 34.9 ± 1.62 37.1 ± 0.67 
Range 34.4 – 48.7 33.2 – 45.9 28.5 – 43.0 28.9 – 43.0 - 30.3 – 40.9 28.5 – 48.7 
CP 
n 5 15 16 16 1 8 61 
% DM 6.4 ± 1.44 10.2 ± 0.73 17.0 ± 0.78 9.7 ± 0.76 11.0 13.9 ± 0.94 12.0 ± 0.57 
Range 3.9 – 11.7 5.9 – 17.1 10.1 – 22.1 6.3 – 16.4 - 10.2 – 16.6 3.9 – 22.1 
HEM3 
n 4 13 14 16 1 8 56 
% DM 24.6 ± 1.02 28.2 ± 1.17 11.6 ± 1.55 36.1 ± 1.00 12.0 24.4 ± 1.61 25.2 ± 1.38 
Range 22.8 – 26.5 20.7 – 36.5 3.3 – 22.0 29.3 – 43.3 - 19.8 – 31.1 3.3 – 43.3 
PER4 
n 4 13 14 16 1 8 56 
% 65.7 ± 1.40 57.8 ± 1.30 75.1 ± 2.62 50.9 ± 0.92 73.9 58.9 ± 1.27 61.2 ± 1.47 
Range 62.0 – 68.1 51.2 – 68.4 56.4 – 89.9 45.3 – 58.6 - 53.2 – 65.0 45.3 – 89.9 
DMD 
n 5 15 17 16 1 8 62 
% 45.4 ± 2.61 47.9 ± 1.48 60.6 ± 1.17 48.4 ± 1.49 65.0 55.7 ± 2.62 52.6 ± 1.04 
Range 40.0 – 54.8 38.5 – 58.7 54.4 – 69.0 37.7 – 60.6 - 48.0 – 67.0 37.7 – 69.0 
1Mixed forages are diets consisting of two or more forage types. 
2Mean ± SE 
3HEM = NDF – ADF 
4PER = ADF/NDF*100 
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Table 3.3. Simple linear regression models using forage composition to predict forage 
digestibility.  
Modela 
P - 
Value 
Root 
MSE 
r2  Adj. R2 
DMD = 82.9337 - 0.4899*NDF < 0.0001 5.44059 0.5867 0.5791 
DMD = 37.0926 + 1.2942*CP < 0.0001 6.00460 0.4966 0.4873 
DMD = 66.0963 - 0.5399*HEM < 0.0001 6.34784 0.4374 0.4270 
DMD = 87.2026 - 0.9402*ADF < 0.0001 6.75405 0.3631 0.3513 
DMD = 27.3361 + 0.4115*PER < 0.0001 7.11738 0.2927 0.2796 
aForage composition factors included NDF, ADF, and CP concentrations (% DM) and 
calculated values HEM (HEM = NDF – ADF) and PER (PER = 100*ADF/NDF). All 
forage composition on a DM basis. 
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Table 3.4. Multiple linear regression models using forage composition to predict forage 
digestibility.  
Modela 
P - 
Value 
Root 
MSE 
R2 Adj. R2 
DMD = 66.1178 - 0.3410*NDF + 
0.6356*CP 
< 0.0001 5.03713 0.6523 0.6392 
DMD = 70.2556 - 0.3015*NDF - 
0.1689*ADF2 + 0.6053*CP 
< 0.0001 5.03940 0.6585 0.6388 
DMD = 70.2556 - 0.4704*NDF + 
0.1689*HEMb + 0.6053*CP  
< 0.0001 5.03940 0.6585 0.6388 
DMD = 61.8245 - 0.8721*ADF + 
0.3737*PER 
< 0.0001 5.38488 0.6026 0.5876 
DMD = 87.8217 - 0.4216*NDF - 
0.2475*ADFb 
< 0.0001 5.39962 0.6005 0.5854 
DMD = 87.8217 - 0.6690*NDF + 
0.2475*HEMb 
< 0.0001 5.39962 0.6005 0.5854 
DMD = 87.8217 - 0.6690*ADF - 
0.4216*HEM 
< 0.0001 5.39962 0.6005 0.5854 
DMD = 49.7590 - 0.3113*HEM + 
0.8896*CP 
< 0.0001 5.44355 0.5939 0.5786 
DMD = 93.3111 - 0.5565*NDF - 
0.1020*PERb 
< 0.0001 5.44390 0.5939 0.5785 
DMD = 58.9425 - 0.4919*ADF + 
0.9836*CP 
< 0.0001 5.61878 0.5674 0.5510 
DMD = 28.0083 + 0.1935*PER + 
1.0628*CP 
< 0.0001 5.75923 0.5455 0.5283 
DMD = 114.5728 - 1.1040*HEM - 
0.5595*PER 
< 0.0001 6.05304 0.4979 0.4790 
DMD = 70.2556 - 0.3015*NDF - 
0.1689*ADFb + 0.6053*CP 
< 0.0001 5.03940 0.6585 0.6388 
DMD = 70.2556 - 0.4704*NDF + 
0.1689*HEMb + 0.6053*CP  
< 0.0001 5.03940 0.6585 0.6388 
aForage composition factors included NDF, ADF, and CP concentrations (% DM) and 
calculated values HEM (HEM = NDF – ADF) and PER (PER = 100*ADF/NDF). All 
forage composition on DM basis. 
bVariable not significant (P > 0.1) 
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Table 3.5. Polynomial regression of dry matter digestibility (DMD) and forage neutral 
detergent fiber (NDF) and crude protein (CP) concentrations.  
Modela 
P - 
Value 
Root 
MSE 
R2 Adj. R2 
DMD = 60.9233 - 0.3698*NDF + 
1.9777*CP - 0.0555*CP2 
< 0.0001 4.94980 0.6706 0.6516 
DMD = 72.5110 - 0.7748*NDFb + 
0.0034*NDF2b + 2.0157*CP - 
0.0582*CP2 
< 0.0001 4.96227 0.6753 0.6498 
DMD = 75.5798 - 0.6634*NDFb + 
0.0027*NDF2b + 0.6125*CP 
< 0.0001 5.06312 0.6553 0.6354 
DMD = 98.3000 – 1.0401*NDF + 
0.0042*NDF2b  
< 0.0001 5.42891 0.5961 0.5809 
DMD = 35.0578 + 1.6664*CP - 
0.0145*CP2b  
< 0.0001 6.05269 0.4980 0.4790 
aForage composition factors included NDF and CP concentrations (DM basis).  
bVariable not significant (P > 0.1) 
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Figure 3.1. Influence of neutral detergent fiber (NDF) concentration on dry matter 
digestibility (DMD). 
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Figure 3.2. Influence of acid detergent fiber (ADF) concentration on dry matter 
digestibility (DMD). 
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Figure 3.3. Comparison of predicted and observed dry matter digestibility (DMD). 
Observed DMD reported by Clauss et al. (2014) for ponies fed two different quality grass 
hays. 
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CHAPTER 4: DIETARY EFFECTS ON DIGESTIBILITY AND RATE OF PASSAGE 
Rationale 
 Dietary composition is an important factor influencing dietary intake and nutrient 
digestibility by horses, but less is known about the effects of diet chemical composition 
on rate of passage in horses. Horses consuming high fiber diets had increased MRT 
compared to low fiber diets when allowed ad libitum access to hay, as shown by Pearson 
et al. (2001), but level of intake may have been a contributing factor to the difference in 
MRT. Generally, decreased intakes are related to an increased MRT in horses (Pearson et 
al., 2001; Miraglia et al., 2003; Pearson et al., 2006; Clauss et al., 2014), and intake 
decreases with high fiber diets in horses (Cymbaluk, 1990). However, in a separate study 
from the same group of researchers (Pearson et al., 2006), MRT decreased with 
increasing diet fiber concentration even though dietary intake also was reduced in the 
high fiber diets. When intake levels were similar, diets with high fiber concentrations had 
shorter MRT compared to diets with lower fiber concentrations (Moore-Colyer et al., 
2003; Pearson et al., 2006) or there were no differences (Moore-Colyer et al., 2003; 
Miyaji et al., 2011). Increasing MRT of high fiber diets could allow for more nutrient 
extraction per unit fiber increasing the potential digestibility of the diet. 
 Compartmental models could be a useful analytical method to analyze fecal 
marker excretion to assess the role of diet composition on MRT by allowing for the 
theoretical compartmentalization of the GIT (Pond et al., 1988; Rosenfeld et al., 2006). 
For horses, this analysis may allow for the determination of retention time in the 
fermentation compartment of the GIT. 
 The objectives of this study were to determine the effects of diet composition on 
digestibility and digesta rate of passage in horses. We hypothesized that a higher fiber 
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diet would have decreased digestibility and an increased mean retention time compared to 
a diet with a low fiber concentration. A second objective of this study was to determine 
the feasibility of fitting marker excretion data to a multi-compartmental model that has 
previously been used in ruminants.  
Materials and Methods 
All animal protocols were approved by the University of Kentucky’s Institutional 
Animal Care and Use Committee (IACUC # 2008-0311). This trial took place from 
February 24, 2014 to March 22, 2014. 
Animals and Housing 
 Six mature (4 ± 0.6 y, 545.2 ± 24.1 kg, mean ± SEM) Thoroughbred or 
Thoroughbred cross geldings were used in this trial (Table 4.1). Before starting, geldings 
were maintained in a 2.75 ha pasture and had ad libitum access to cool-season grass hay. 
Geldings were supplemented twice daily with 1.3 kg of a 14% CP pelleted commercial 
feed (Original® 14 Pelleted; McCauley Bros. Inc., Versailles, KY). Geldings were 
managed according to farm protocols for vaccination, deworming, and hoof care. 
 Prior to the study and during the adaptation phase, geldings were used in an 
introductory horsemanship class. In class, geldings were used for a series of basic horse 
skills learning sessions (grooming, leading, etc.) that progressed to lunging the geldings 
in a round pen.  
For 4 d before the start of the study, horses were adapted to a sweet feed concentrate 
and forage cubes while continuing to have access to the grass hay and cool-season 
pasture. During this pre-dietary adaptation, the geldings were housed in their group field 
but were kept in stalls (3.7 x 3.7 m rubber matted stalls) approximately 5 h/d on the days 
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they were used for class (Monday – Friday). Then a 15 d dietary adaptation was imposed. 
During the 15 d dietary adaptation, geldings were stalled in 3.7 x 3.7 m rubber matted 
stalls overnight and turned out individually in 9.8 x 9.8 m dirt pens or in pairs in a small 
dry lot during the day. On d 14, geldings were brought into stalls in the afternoon and 
remained stalled for the remainder of the trial, which included the collection period. In 
order to provide the geldings with physical exercise, geldings were hand-walked for 15 
min twice daily at 0800 and 1500 h.  
Experimental Design 
 Geldings were randomly assigned to one of two treatments used in the study, high 
fiber (HF, n = 3) or low fiber (LF, n = 3). Each diet consisted of a commercial sweet feed 
(McCauley Bros. Inc., Versailles, KY), ration balancer (McCauley Bros. Inc., Versailles, 
KY), and forage cubes (Ontario Dehy, Ontario, Canada; Wyoming Hay Cubes, Riverton, 
WY). Feeds were sent to a commercial laboratory (Dairy One Inc., Ithaca, NY) for 
nutrient analysis prior to the start of the study. The HF diet included timothy cubes, 14% 
CP sweet feed, and a 30% CP ration balancer (calculated total diet NDF = 52.2%; Table 
4.2), whereas the LF diet included alfalfa cubes, 12% CP sweet feed, and a 10% CP 
ration balancer (calculated total diet NDF = 40.9%; Table 4.3).  
Forage DM intake was equal between the two diets and was determined as the 
amount of timothy cubes needed to meet DE requirements of mature horses at 
maintenance (1.65% BW). A total of 1 kg concentrate mixture was added to the diets to 
make the diets similar in CP, Ca, Na, Mg, K, and Cl. Due to the high Ca concentration of 
the alfalfa cubes, feed grade calcium carbonate was added to the HF diet to balance the 
diets. Salt was added to both diets to meet horses’ nutrient requirements for Cl. Feed was 
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top-dressed with a small amount (25 to 50 mL) of a 50:50 molasses and water mixture to 
aid in the consumption of the minerals. 
 The timeline for the study is shown in Figure 4.1. Prior to the pre-adaptation 
horses had access to grass hay and small amounts of grass pasture due to the winter 
season. Horses were fed twice daily in fence feeders 1.3 kg of 14% CP commercial 
concentrate. From day -4 to 0 a 50:50 mix of 12% and 14% CP sweet feed was gradually 
introduced and replaced the pelleted concentrate in the horses’ diets. A small amount of 
alfalfa and timothy forage cubes were also fed with the concentrates to accustom geldings 
to forage cubes. 
Dietary adaptation to the trial diets began on d 1 and continued through d 15. 
Geldings were fed twice daily at 0700 h and 1900 h. Concentrate amounts were gradually 
reduced to the trial amounts from d 1 to d 6. Horses were offered alfalfa and orchardgrass 
mixed hay during the first 3 d in their turn out pens and at night. Hay cubes were fed at 
the trial amounts starting on d 1. Horses received the assigned study diets from d 6 of 
adaptation through the end of the collection period. 
Marker Preparation 
 External markers were prepared in order to determine digesta MRT for each 
gelding. To measure liquid rate of passage, Co-EDTA was prepared according to the 
methods of Udén et al. (1980). The rare earth element Ytterbium (Yb) was used to label 
NDF residue to estimate particulate retention time (Earing, 2011). Briefly, bermudagrass 
hay was chopped using a hammer mill with a 1.27 cm screen. The hay was soaked in 
boiling NDF solution for 1 h and then the hay was thoroughly rinsed with hot water 
(Appendix 2). The NDF residue was soaked at a rate of 100 g of NDF residue/1 L of 
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0.007 M Yb solution (prepared by dissolving 2.96 g of Yb (III) acetate tetrahydrate 
[Sigma-Aldrich, St. Louis, MO] in 1 L of distilled water) for 24 h. After soaking, NDF 
residue was soaked in tap water for 1 h and rinsed. Then, NDF residue was washed in 
0.01 M acetic acid for 1.5 h, rinsed and dried in a 55°C forced air oven until a constant 
weight. Preliminary elemental concentration measurements were made prior to the start 
of the study for Co (Earing, 2011) and Yb. The prepared Co-EDTA was 16.17% Co and 
the Yb-labeled NDF residue was 0.97% Yb.  
Complete marker consumption is an important component of rate of passage research 
so horses were adapted to unlabeled NDF residue during the adaptation period. 
Additional NDF residue was prepared according to Appendix 2, but not labeled with Yb. 
The unlabeled NDF residue was added in increasing amounts from d 10 to d 13 to 
geldings’ morning concentrate meal. The full amount of NDF residue was added to the 
geldings’ morning concentrate on d 14, d 15, and d 17 through d 21 to maintain a 
consistent intake and dietary composition during total fecal collections. 
The prepared external markers were added to each gelding’s morning concentrate 
meal on d 16. The amount of marker fed was determined by the amount needed to dose 
each gelding with 9 mg element/kg BW0.75 (Appendix 3). The Co-EDTA and Yb-labeled 
NDF residue were carefully mixed into the concentrate meal using a gloved hand. Gloves 
were changed between horses in order to prevent contamination.  
Fecal Collections 
Geldings were fitted and adapted to fecal collection harnesses (Bun-Bag, Sagle, 
ID) during the dietary adaption (Figure 4.2). The use of fecal collection harnesses 
allowed for total collection of feces during the 5 d collection period.  
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On d 16, stalls were stripped of bedding and the geldings remained on rubber 
mats. Geldings were fed their AM concentrate mixture with labeled Yb-NDF residue and 
Co-EDTA mixed into it. All geldings consumed their markers within 30 min of being fed. 
After consumption of the concentrate and markers, geldings were fitted with their 
collection bags and fed their forage cubes. Geldings were fed their assigned diets for the 
remainder of the fecal collection period at 12 h intervals. If the geldings did not consume 
all their feed, orts were collected daily at 0700 h and saved for further analysis to 
determine nutrient intake. Horses were monitored frequently to minimize feed spillage. 
Any spilled but clean feed was placed back into the gelding’s feed buckets and soiled 
feed was weighed and removed from the gelding’s stall. 
Geldings had ad libitum access to water. In order to measure daily water intake, 
buckets were weighed prior to and after being filled to determine the amount of water 
offered and consumed by the geldings. All water buckets were weighed at 0700 h to 
determine the previous day’s water consumption.  Water volume was estimated as 1 kg of 
water is equal to 1 L of water. 
Fecal samples were collected every 2 h following marker dosing for the first 72 h, 
every 4 h from 72 h to 120 h, and then every 6 h from 120 to 132 h post marker dose. 
Samples were weighed and thoroughly mixed for each time point. A 50% subsample was 
saved and composited for daily digestibility measurements and 250 g of wet feces were 
saved for marker analysis to determine rate of passage. If a gelding did not excrete 500 g 
at a time point, the sample was split evenly between digestibility and marker analysis 
samples. At 144 h, a fecal sample was collected from the ground immediately following 
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fecal excretion by each gelding to determine marker concentration. Fecal samples were 
frozen after collection for future analyses. 
Sample Analysis 
 Daily composite samples of feed and feces along with rate of passage fecal 
samples were thawed and then dried at 55°C in a forced air-oven until a constant weight 
and ground to pass through a 1 mm screen using a Wiley-Mill (Arthur Thomas Co., 
Philadelphia, PA) prior to analysis. 
The daily composite samples were used to determine DM, OM, NDF, ADF, CP, 
lignin, and energy digestibility by geldings. A 1 g sample of daily composited fecal 
sample for each horse was dried in triplicate in 55°C forced air-oven for 24 h to 
determine DM. All other samples for digestibility measurements were determined in 
duplicate. Ash was determined by combusting 3 g of sample overnight in quartz crucibles 
at 600° C. To determine OM, ash was subtracted from DM for each sample. Neutral 
detergent fiber and ADF concentrations of feed and fecal samples were determined using 
an ANKOM 200 Fiber Analyzer (Ankom Technology, Macedonia, NY) according to 
methods provided by Ankom Technology (Appendix 4). A 0.5 g sample was weighed 
into tared ANKOM F57 filter bags and then washed in NDF or ADF solution. Fiber 
analyses were run sequentially. Lignin concentrations were determined by soaking 
samples for 3 h in sulfuric acid. Nitrogen concentration of samples was determined using 
an Elementar Nitrogen/Carbon Analyzer (Elementar Americas, Inc., Mt. Laurel, NJ). 
Gross energy was determined using a bomb calorimeter (Parr Instrument Co., Moline, 
IL). Digestibility for each nutrient was calculated as [(nutrient intake – nutrient excreted 
in feces)]/nutrient intake*100. 
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 Fecal samples for rate of passage measurements were dried in a 100°C convection 
oven overnight and placed in a dessicator until the samples were weighed (Appendix 5). 
From the dried samples, 0.500 g was weighed and placed in a Teflon lined digestion 
vessel with 10 ml of concentrated nitric acid. Samples were sealed and digested in a 
microwave oven (CEM Corp., Matthews, NC) for 42 min. Samples were allowed to cool 
and then diluted to 50 mL with distilled water. The 50 mL tube was centrifuged at 
7284xg at room temperature for 12 min. A 15 mL subsample of the supernatant was 
saved for marker analysis. 
 Marker concentrations were analyzed using an inductively-coupled plasma 
spectrophotometer (ICP-OES, Varian Vista-Pro, Palo Alto, CA). Cobalt concentrations 
were determined at wavelengths of 230.786, 237.86, and 238.892 nm and Yb 
concentrations were determined at wavelengths of 222.447, 328.937, and 369.419 nm.  
Mean Retention Time Calculations  
Total tract MRT was calculated algebraically according to Blaxter et al. (1956) as  
MRT =  
∑ 𝑚𝑖𝑡𝑖
∑ 𝑚𝑖
 
 Equation 2.6 
where  mi = the amount of marker at the ith sample and ti = the time at the middle of the 
ith sampling interval, and Thielemans et al. (1978) as 
MRT =  
∑ 𝑡𝑖𝐶𝑖∆𝑡𝑖
∑ 𝐶𝑖∆𝑡𝑖
 
 Equation 2.7 
where ti = time from dosage to the middle of the ith sampling interval, Ci = concentration 
of marker in the ith sample, and Δti = time interval (h) between two samples. 
  
 55 
Exponential and gamma distribution age-dependent models described by Pond et al. 
(1988) were used to fit marker excretion curves for each gelding (Table 4.4). Model 
fitting software in the program MATLAB (Version R2104a, Mathworks, Natick, MA) 
was used to fit the data (Appendix 6). Total tract MRT was determined by 
MRT =
n
𝜆1
+
1
𝑘2
+  TT 
 Equation 2.11 
where λ1 is the age-dependent compartmental rate constant, k2 is the age-independent 
compartmental rate constant, n is the order of the model, and TT is the transit time. The 
age-dependent compartmental MRT (CMRT1) was determined by n/λ1 and the age-
independent compartmental MRT (CMRT2) was determined by 1/k2. 
Statistical Analysis 
 All data are presented as true means ± SEM. Digestibility data for each nutrient, 
algebraic particulate and liquid MRT were analyzed by a one-way analysis of variance 
(ANOVA) for effects of dietary treatment using the PROC GLM procedure of SAS 
(Version 9.3, Cary, NC). Fitted Pond et al. (1988) models were compared based on their 
R2 values and root mean square error (MSE). The model with the greatest fit and lowest 
root MSE was used to compare algebraic MRT and model MRT by ANOVA blocked by 
horse. Statistically different model parameters were separated by Sheffe’s method. The 
relationship between diet digestibility and MRT was determined using analysis of 
covariance with the PROC REG procedure of SAS. Statistical differences were set at P < 
0.05 and statistical trends at P < 0.1. 
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Results and Discussion 
Diet Digestibility 
 Dry matter intake (g/kg BW and kg/d) and relative DMI (g/kg BW0.75) were not 
different between treatments (Table 4.5). There was a trend (P = 0.094) for greater DM 
fecal excretion by the HF horses (4.9 ± 0.6 kg/d) compared to the LF horses (3.8 ± 0.6 
kg/d). Dry matter fecal excretion (g/kg BW and g/kg BW0.75) was different (P = 0.002 
and P = 0.004) between dietary treatments. Dry matter digestibility was lower (P = 
0.002) for HF treatment (50.08% ± 1.75) compared to the LF diet (60.00% ± 1.75; Figure 
4.3).  
 Miyaji et al. (2008) and Earing et al. (2010) found timothy forages to have lower 
DMD (41.5% and 46.3%, respectively) than the values reported in the present study. The 
timothy hay used by Miyaji et al. (2008) had greater NDF and lower CP concentrations 
than the timothy cubes used in the present study for the HF diet, which could contribute 
to the lower digestibility observed in that study compared to the present study. The 
timothy forage used by Earing et al. (2010) had similar NDF concentrations but lower CP 
concentrations than the timothy cubes in the present study. Additionally, in the current 
study, the diets were supplemented with a small amount of concentrate. Ordakowski-
Burk et al. (2006) fed timothy hay with higher NDF and CP concentrations than the one 
used in the present study and determined DMD to be 55.5%. From these comparisons, the 
HF DMD appears to be within a reasonable measurement for DMD, with slight variations 
due to diet composition. 
 Many studies have reported DMD for alfalfa diets, which would be similar to the 
LF diet fed in this study. Dry matter digestibility ranged from 54.4 – 66% (Thompson et 
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al., 1981; Cymbaluk and Christensen, 1986; Cymbaluk, 1990; Pagan and Jackson, 1991; 
Crozier et al., 1997; Hussein et al., 2004; Earing et al., 2010). Pearson et al. (2001) fed 
alfalfa hay to ponies with a nutrient composition of 44.3% NDF, 33.9% ADF, and 14.6% 
CP (DM basis), which is similar to the alfalfa cubes fed in the present study. Dry matter 
digestibility in that study (Pearson et al., 2001) was 58%, which compares reasonably 
well with the DMD of 60% determined here where the diet included about 11% 
concentrate. 
 In the present study, the HF treatment, with a greater fiber concentration, had a 
decreased DMD compared to the LF treatment. Using Equation 3.1 from Chapter 3, NDF 
and CP concentrations were used to calculate predicted DMD for the HF and LF diets. 
The predicted DMD (Equation 3.1) of the HF diet was 54.76% and LF diet was 60.76%. 
Predicted DMD using Equation 3.2 was 56.08% for the HF diet and 62.43% for the LF 
diet. The difference in the predicted values compared to the observed values may be due 
to the addition of concentrate in these diets, as the predictive equations were developed 
from diets containing only forages. Further model validation is needed to determine if 
Equation 3.1 or Equation 3.2 are suitable for predicting in vivo digestibility based on 
forage composition. 
Organic matter intake (g/kg BW) was greater in the HF diet compared to the LF diet 
(P = 0.006), but there was no difference in relative OMI (g/kg BW0.75) or OM intake 
(kg/d; Table 4.6). Organic matter excreted was not different between the treatments. 
Organic matter digestibility was lower (P = 0.013) for the HF treatment (55.47% ± 1.73) 
compared to the LF treatment (61.43% ± 1.73; Figure 4.3). 
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Fiber concentrations determined by Dairy One Inc. (Ithaca, NY) prior to the start of 
the study were different than values determined at the University of Kentucky. Alfalfa 
cube NDF concentration determined in house was 43.0% and ADF concentration was 
32.3% (DM basis). Timothy cube NDF concentration determined in house was 60.7% 
and ADF concentration was 34.6% (DM basis). Therefore, the total diet concentrations 
for NDF and ADF during fecal collections were different than the expected 
concentrations. The HF diet had a NDF concentration of 55.3% and ADF concentration 
of 34.9% (DM basis). The LF diet had a NDF concentration of 40.5% and ADF 
concentration of 34.7% (DM basis).  
Neutral detergent fiber intake was greater (P = 0.048) in the HF diet (5.37 ± 0.68 
kg/d) than the LF diet (3.80 ± 0.68 kg/d), but there was no difference in NDF excretion, 
thus NDFD was greater (P = 0.031) for the HF treatment compared to the LF treatment 
(Table 4.7). Similar to results from this study, other researchers have shown increased 
NDFD in forages with high concentrations of NDF (Cymbaluk, 1990; Pearson et al., 
2001; Eckert et al., 2010), but other researchers have found greater NDFD when feeding 
forages with low NDF concentrations (Crozier et al., 1997; Earing et al., 2010). Earing et 
al. (2010) fed a higher fiber alfalfa (51.2% NDF) than the alfalfa hay cubes used in the 
present study, which could contribute to the higher NDFD seen in that study (44.3%). 
Acid detergent fiber intake (g/kg BW and g/kg BW0.75) was greater (P < 0.001 and P = 
0.080) in the HF diet compared to the LF diet, but ADF intake (kg/d), excretion, and 
digestibility were not different between treatments (Table 4.8). Lignin intake was greater 
(P = 0.022) in the LF treatment (0.67 ± 0.07 kg/d) compared to the HF treatment (0.47 ± 
0.07 kg/d), as was lignin excretion (0.58 ± 0.05 kg/d vs. 0.41 ± 0.05 kg/d, respectively; P 
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= 0.023). Lignin digestibility did not differ between dietary treatments (Table 4.9). In the 
literature, there is large variation in lignin digestibility by horses (-24 – 32%) depending 
on the type of forage (Fonnesbeck, 1968; Crozier et al., 1997). In the present study, mean 
lignin digestibility was 13.63% ± 2.72, and illustrates that lignin should not be referred to 
an indigestible dietary component. The variable digestibility of lignin may potentially 
decrease the suitability of ADL to serve as an internal marker for digestibility studies. 
Dry matter, OM, and fiber digestibilities may have been influenced by the type of 
forage fed in addition to the amount of fiber in each of the two dietary treatments. There 
are differences in hemicellulose structure and the influence of lignin concentrations on 
cell wall digestion between grasses and legumes (Smith et al., 1972; Hatfield, 1989). 
Neutral detergent fiber digestibility was likely influenced by the greater amount of 
hemicellulose in the HF diet compared to the LF diet. Hemicellulose has been shown to 
have greater digestibility than cellulose in both ruminants (Keys et al., 1969) and equines 
(Udén and Van Soest, 1982). 
As with fiber concentrations, CP concentrations determined in house were 
numerically different than expected CP values based on initial feed analysis. The CP 
concentration for the HF diet during fecal collections was 11.8% (DM basis) and for the 
LF 13.3% (DM basis). Crude protein intake (g/kg) was greater in the LF diet compared to 
the HF diet (Table 4.10), but this difference was small (0.2 g/kg BW). Crude protein fecal 
excretion was not different between treatments. Apparent CPD was not different between 
the HF treatment (61.74% ± 2.72) and the LF treatment (67.59% ± 2.72).  Apparent CPD 
in this study was slightly lower than the expected 79% reported in the NRC (2007). 
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Gross energy intake and fecal gross energy were not different between the diets 
(Table 4.11). Apparent gross energy digestibility was greater (P = 0.011) in the LF horses 
(55.87% ± 2.72) compared to the HF horses (49.83% ± 2.72). Digestible energy (DE) in 
the HF diet (2.04 ± 0.03 Mcal/kg) was less than (P = 0.011) the DE in the LF diet (2.28 ± 
0.03 Mcal/kg). For both diets, DE was less than the values calculated by the equation 
derived by Pagan (1998) of 2.28 Mcal/kg and 2.43 Mcal/kg, respectively. The observed 
and calculated values may be different due to differences in laboratory analysis between 
the University of Kentucky and Dairy One Inc., or because the calculated value relied on 
average values for legume and grass hays for fat, NSC, and ash (Paul Sirois, Dairy One 
Inc., Ithaca NY, personal communication). 
Water Intake 
 There was no influence of day or treatment on water intake (kg/d, % BW, or % 
BW0.75). Individual horse water intakes are shown in Appendix 9. 
Marker Excretion 
 The shorter wavelengths were better able to detect low concentrations of Co and 
Yb than the longer wavelengths; therefore, for recovery and MRT analysis, Co 
concentrations determined at 239.786 nm and Yb concentrations determined at 222.447 
nm were used. Marker concentrations were not above detectable concentrations at 104 h 
post dose and in some instances, prior to that time point, therefore, marker concentrations 
were not determined past the 104 h mark. Mean Co marker excretion is shown Figure 4.4 
and mean Yb marker excretion is shown in Figure 4.5. Individual horse marker is 
excretion is shown in Appendix 12. 
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 There was no difference in Co marker recovery between the HF and LF 
treatments (95.14% ± 11.3 vs. 90.76% ± 11.3, respectively; Figure 4.6); however, Yb 
recovery was greater (P = 0.002) in the LF treatment (93.48% ± 1.6) compared to the HF 
treatment (84.22% ± 1.6; Figure 4.7). Marker recoveries were greater than recoveries 
reported in a similar study conducted at the University of Kentucky using the same 
materials (Earing, 2011). The exact cause for the difference in recovery between the two 
studies is unclear. The length of collection (144 h in the present study vs. 72 h in the 
study by Earing [2011]) likely did not affect recovery, as Earing (2011) did not see a 
large difference in marker recovery due to total length of time feces were collected (3 d 
vs. 5 d). One difference between the studies was the length of the sampling interval. In 
the present study, a shorter sampling interval (2 h) was used during the first 3 d compared 
to the sampling interval (4 h) used in the study by Earing (2011). Other researchers have 
reported Yb marker recoveries of 95% or greater in horses (Moore-Colyer et al., 2003; 
Murray et al., 2009), which was not achieved in this study. Higher recoveries in those 
studies (Moore-Colyer et al., 2003; Murray et al., 2009) could be ascribed to many 
factors such as preparation of markers (method of Teeter et al. 1984 vs. modified method 
of Poore, 1990), fecal sample preparation, and Yb analysis (atomic absorption vs. ICP 
analysis), but it is not possible to identify a distinct cause at this time. 
Algebraic Mean Retention Time 
 Mean algebraic retention time calculated from Blaxter et al. (1956) and 
Thielemans et al. (1978) are presented in Table 4.12 and individual horse MRT are 
reported in Appendix 14. There were no differences in Co or Yb MRT due to dietary 
treatment. For both Blaxter et al. (1956) and Thielemans (1978) algebraic methods, Co 
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MRT was less than (P = 0.021 and P = 0.026, respectively) than Yb MRT, indicating 
selective retention of the particulate phase of digesta in the equine GIT. 
 Mean liquid retention time was 22.52 ± 2.39 h when calculated using the Blaxter 
et al. (1956) equation and 22.89 ± 2.46 h when calculated using the Thielemans et al. 
(1978) equation. Reported liquid MRT for forage or mostly forage diets range from 20.5 
– 59.4 h (Cuddeford et al., 1995; Drogoul et al., 2000; Pearson et al., 2001; Pearson et al., 
2006; Earing, 2011). Earing et al. (2010) reported liquid MRT of 21.4 and 23.1 h in 
mature geldings fed mostly timothy or alfalfa diets respectively, similar to results 
reported in this study.  
There is a wide range of reported particulate MRT in horses and ponies (21.3 – 51.9 
h; Cuddeford et al., 1995; Pearson et al., 2001; Austbø and Volden, 2006; Pearson et al., 
2006; Murray et al., 2009; Earing, 2010; Miyaji et al., 2011; Clauss et al., 2014). 
Cuddeford et al., (1995) reported the longest particulate (51.9 h) and liquid MRT (51.1 h) 
in Thoroughbred horses fed alfalfa hay, but intake in that study was very low (1.04% 
BW) which may have influenced the results. The majority of reported particulate MRT 
are between 21 – 38 h, a range that includes all individual values reported in this study. 
Mathematical Models 
 All of the described Pond et al. (1988) models were able to fit the marker 
excretion data for each horse (Appendices 15 and 16).  
Effect of Model on Passage Parameters and Mean Retention Time 
For Co concentrations, R2 values increased with increasing order of the Pond et al. 
(1988) models (Table 4.13).  For Yb concentrations, root MSE values were greater in the 
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G1G1 model compared to the models at higher orders, and R2 values were less  in the 
G1G1 model compared the other model orders (Table 4.14).   
 The current study is the first study to show the G5G1 model had the best fit to 
fecal marker excretion data from horses. Other researchers have only used up to the 
G4G1 models (Moore-Colyer et al., 2003; Austbø and Volden, 2006; Rosenfeld et al., 
2006; Murray et al., 2009). Moore-Colyer et al. (2003) and Murray et al. (2009) found the 
best fit (R2: 0.927 – 0.983) with the G3G1 model, but Austbø and Volden (2006) and 
Rosenfeld et al. (2006) found the G4G1 model explained the most variation in marker 
excretion (R2 values not reported in those studies).  
 The order of the model has a significant impact on model parameters. Generally, 
at set rate constants for λ1 and k2, increasing the order of the gamma distribution 
increases the TT and the range of the dependent variable, in this case the marker 
concentration (Pond et al. 1988). Rate parameters were not held constant when fitting 
marker fecal excretion curves in the present study. For Co concentration, TT was affected 
by model order (P < 0.0001) with the longest TT for the G1G1 model (Table 4.16). 
Additionally, the age-dependent rate (λ1) increased (P < 0.0001) when increasing the 
order of the model for Co. Total tract fluid MRT (P < 0.0001) was different by model. 
Transit time decreased (P < 0.0001) with increasing order of gamma distribution for Yb 
marker excretion (Table 4.16). The λ1 and k2 were also influenced (P < 0.0001 and P = 
0.025, respectively) by the order of the model. Ytterbium MRT was different (P < 
0.0001) between the models. 
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Effect of Diet on Passage Parameters and Mean Retention Time 
For both markers, the G5G1 model had the lowest root MSE and greatest R2 values, 
therefore model parameters were compared using the respective G5G1 models to 
examine treatment effects. 
The model parameters C2 and k2 were not statistically different for Co passage, but 
λ1 and TT were different (P = 0.022 and P = 0.041, respectively) between the two dietary 
treatments (Table 4.17). The model parameter TT is supposed to represent the time until 
the first appearance of marker in the feces (Pond et al., 1998; Moore-Colyer et al., 2003), 
but Co concentrations were detected in the first fecal samples for both treatments, which 
was collected 2 h post dose. Because the model uses the middle of the sampling interval, 
the first sample collected is considered a 1 h sample in the model. Age-dependent 
compartmental mean retention time (CMRT1) was shorter (P = 0.019) for the HF 
treatment (8.40 ± 1.07 h) compared to the LF treatment (11.72 ± 1.07 h). Total tract MRT 
was not different between dietary treatments for Co.  
 The particulate passage model rates were not different between dietary treatments, 
nor were CMRT or MRT different between treatments (Table 4.17). Ytterbium TT was 
longer (P = 0.029) for the HF treatment (8.24 ± 1.36 h) compared to the LF treatment 
(4.54 ± 1.36 h). 
 The age-dependent asymptotic rates reported in the literature range from 0.146 to 
0.67 (Moore-Colyer et al., 2003; Austbø and Volden, 2006; Murray et al., 2009). The 
rates determined for the age-dependent compartment in the present study are similar to 
results reported by Moore-Colyer et al. (2003) for chopped grass hay (0.37) and by 
Murray et al. (2009) for alfalfa silage (0.316). In this study, the age-dependent rate (0.371 
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± 0.08) was greater (P = 0.046) than the age-independent rate (0.201 ± 0.07).  Generally, 
reported values for the age-dependent rate are greater than the age-independent rate  
(0.146 – 0.315; Moore-Colyer et al., 2003; Austbø and Volden, 2006; Murray et al., 
2009); however, Austbø and Volden (2006) found that the age-independent rate was 
faster than the age-dependent rate.  
 Moore-Colyer et al. (2003) hypothesized that the age-dependent compartment was 
the colon and the time independent compartment was the cecum based on data from 
Argenzio et al. (1974); however, variations in rates between the age-dependent and age-
independent compartment determined experimentally (Moore-Colyer et al., 2003; Austbø 
and Volden, 2006; Rosenfeld et al., 2006; Murray et al., 2009) has not allowed for a clear 
distinction between compartments in horses based on the Pond et al. (1988) models. The 
current study fed two different, mostly forage diets, and when treatments were combined, 
the age-dependent compartmental retention time (13.95 ± 3.36 h) was numerically greater 
than the age-independent compartment (5.46 ± 2.03), which provides support to the 
Moore-Colyer et al. (2003) hypothesis that there is a distinct age-dependent and age-
independent compartment in the equine GIT. Additionally, the longest retention of 
particles in the equine GIT occurs in the colon (Argenzio et al., 1974), supporting the 
hypothesis that the age-dependent compartment represents the colon in horses. Miyaji et 
al. (2008) reported colon retention time of 13.9 h, further supporting the idea that the age-
dependent compartment is the colon. 
Comparison of Mean Retention Time Calculation 
 Because there were no differences in MRT due to dietary treatment, MRT 
calculated from Blaxter et al. (1956) equation, Thielemans et al. (1978) equation, and the 
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G5G1 model were compared using a one-way ANOVA blocked by horse. Cobalt 
algebraic MRT were greater (P = 0.002) than the model MRT. There was no difference in 
the MRT calculations for particulate passage. 
Effect of Mean Retention Time on Diet Digestibility 
 The effect of MRT on diet digestibility was preliminarily determined through 
regression analysis. Significant models were then subjected to analysis of covariance 
including dietary treatment and MRT. Because there was no difference in MRT based on 
the two algebraic equations used for calculations, only the Blaxter et al. (1956) results 
were analyzed. Model determined compartment and total tract MRT were used for both 
Co and Yb MRT.  
 As part of preliminary regression analysis, Co CMRT1, Blaxter et al. (1956) 
algebraic Yb retention time, Yb TT, and Yb model MRT were related to DMD (P = 
0.067, P = 0.089, P = 0.091, P = 0.048, respectively). However, covariate analysis did 
not show a significant relationship between retention times or TT. Preliminary regression 
results indicated NDFD was related to Co TT, Co CMRT1, and Yb TT  (P = 0.050, P = 
0.065, P = 0.042, respectively), but as with DMD, no statistically significant relationship 
were shown with analysis of covariance. The lack of a relationship between diet 
digestibility and retention time could be due to the collinearity between diet digestibility 
and treatment. Additionally, more measurements may be needed as there were only 3 
measurements per treatment in this study. 
Conclusions 
 Overall, the models developed by Pond et al. (1988) accurately described fecal 
marker excretion in horses with mean R2 values ranging from 0.9700 to 0.9926 for Co 
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and 0.9487 to 0.9910 for Yb concentrations. Additionally, the G5G1 models support the 
hypothesis that there are distinct age-dependent and age-independent compartments in the 
equine GIT, as compartmental rates were different. For particulate digesta passage, our 
results support the hypothesis that the age-dependent compartment is the colon, as the 
age-dependent compartment retention time was greater than the age-independent 
retention time, and similar to reported colon retention times. 
 While there was a clear difference in diet digestibility between the HF and LF 
diets fed in this study, MRT did not affect diet digestibility. It is possible that more 
measurements for MRT may be needed to determine the effect of MRT on diet 
digestibility, as there are large variations in individual MRT. Additionally, multiple diets 
could be used to look at a broader range of diet digestibility. Future research on the 
effects of diet and MRT could benefit from the use of compartmental models because 
these models partition retention time in different compartments; however, challenges 
remain in ascribing physiological meaning to mathematically determined compartments. 
 
 
 
 
 
 
 
 
Copyright © Tayler Laine Hansen 2014  
  
 68 
Table 4.1. Description of geldings and assigned treatments during study.  
Name Treatment1 Breed YOB2 Weight, kg 
George HF Thoroughbred Cross 2008 566.5 
Moses HF Thoroughbred 2011 642.0 
Eggs HF Thoroughbred 2011 450.0 
Leroy LF Thoroughbred 2008 568.5 
Paddy LF Thoroughbred 2011 535.0 
Maestro LF Thoroughbred 2011 509.0 
1Treatment: HF = high fiber, LF = low fiber 
2YOB: Year of birth 
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Table 4.2. Nutrient composition of timothy cubes, concentrates, and final high fiber diet 
(HF). 
Nutrient1 Timothy Cubes2 Sweet Feed3 Ration Balancer4 HF Diet 
DM, % 92.6 89.5 91.9 92.5 
NDF, % 57.7 19.6 16.0 52.2 
ADF, % 38.8 10.1 19.4 34.9 
CP, % 13.4 16.6 35.2 14.7 
Ca, % 0.77 1.38 3.58 1.35 
P, % 0.26 1.10 2.11 0.41 
Na, % 0.06 0.26 0.94 0.29 
Cl5, % 0.09 0.39 1.44 0.46 
K, % 1.96 1.25 2.10 1.90 
Mg, % 0.31 0.38 0.48 0.32 
Fe, PPM 442 287.0 896.0 455.6 
Zn, PPM 38 156.0 561.0 76.2 
Cu, PPM 18 62.0 187.0 30.6 
Mn, PPM 71 162.0 375.0 93.6 
DE6, Mcal/kg 2.18 3.41 3.34 2.28 
1Initial wet chemistry analysis (Dairy One Inc., Ithaca, NY). All values except for DM 
reported on a DM basis. 
2Timothy Cubes (Ontario Dehy, Ontario, Canada) 
3Sweet Feed: Original 14® Textured: Oats, corn, rice bran, oat mill by-product, soybean 
meal, dehydrated alfalfa meal, L-lysine, cane molasses, vegetable oil, hydrolyzed 
vegetable oil (feed grade), calcium phosphate, calcium carbonate, salt, magnesium oxide, 
zinc oxide, manganous oxide, copper sulfate, ethylenediamine dihydriodide, cobalt 
carbonate, sodium selenite, vitamin A acetate, vitamin D3 supplement, vitamin E 
supplement, menadione sodium bisulfite complex (source of vitamin K activity), thiamin 
mononitrate, riboflavin supplement, niacin supplement, pyridoxine hydrochloride, 
choline chloride, folic acid, d-calcium pantothenate, and vitamin B12 supplement. 
(McCauley Bros. Inc., Versailles, KY) 
4Ration Balancer: M30®: Soybean meal, wheat bran, dehydrated alfalfa meal, flaxseed, 
dried whey, yeast culture, L-lysine, cane molasses, vegetable oil, calcium phosphate, 
calcium carbonate, salt, magnesium oxide, zinc oxide, manganous oxide, copper sulfate, 
ethylenediamine dihydriodide, cobalt carbonate, sodium selenite, zinc polysaccharide 
complex, iron polysaccharide complex, manganese polysaccharide complex, copper 
polysaccharide complex, vitamin A acetate, vitamin D3 supplement, vitamin E 
supplement, menadione sodium bisulfite complex (source of vitamin K activity), thiamin 
mononitrate, riboflavin supplement, niacin supplement, pyridoxine hydrochloride, 
choline chloride, folic acid,  d-calcium pantothenate, and vitamin B12 supplement. 
(McCauley Bros. Inc., Versailles, KY) 
5Cl calculated as Na%*(35.4/23). 
6DE (Mcal/kg) = (2,118 + 12.18*CP%-9.37*ADF%-3.83*(NDF%-
ADF%)+47.18*fat%+20.35*NSC%-26.3*Ash%)/1000 (Pagan, 1998). Fat, NSC, and ash 
determined from Dairy One Forage Library 
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Table 4.3. Nutrient composition of alfalfa cubes, concentrates, and final low fiber diet 
(LF). 
Nutrient1 Alfalfa Cubes2 Sweet Feed3 Ration Balancer4 LF Diet 
DM, % 92.5 89.5 90.3 92.2 
NDF, % 43.8 18.0 28.3 40.9 
ADF, % 37.9 9.9 15.1 34.7 
CP, % 16.7 13.0 13.3 16.2 
Ca, % 1.88 1.02 3.34 1.83 
P, % 0.27 0.82 2.12 0.36 
Na, % 0.10 0.18 0.82 0.29 
Cl5, % 0.15 0.27 1.26 0.46 
K, % 1.96 1.09 1.39 1.86 
Mg, % 0.28 0.30 0.66 0.29 
Fe, PPM 178 240.0 767.0 196.9 
Zn, PPM 19 111.0 605.0 41.2 
Cu, PPM 10 33.0 208.0 16.8 
Mn, PPM 31 113.0 462.0 48.5 
DE6, Mcal/kg 2.31 3.48 3.19 2.43 
1Initial wet chemistry analysis (Dairy One Inc., Ithaca, NY). All values except for DM 
reported on a DM basis. 
2Alfalfa Cubes (Wyoming Hay Cubes, Riverton, WY) 
3Sweet Feed: Original 12® Textured: Oats, corn, rice bran, oat mill by-product, soybean 
meal, dehydrated alfalfa meal, L-lysine, cane molasses, vegetable oil, hydrolyzed 
vegetable oil (feed grade), calcium phosphate, calcium carbonate, salt, magnesium oxide, 
zinc oxide, manganous oxide, copper sulfate, ethylenediamine dihydriodide, cobalt 
carbonate, sodium selenite, vitamin A acetate, vitamin D3 supplement, vitamin E 
supplement, menadione sodium bisulfite complex (source of vitamin K activity), thiamin 
mononitrate, riboflavin supplement, niacin supplement, pyridoxine hydrochloride, 
choline chloride, folic acid, d-calcium pantothenate, and vitamin B12 supplement.  
(McCauley Bros. Inc., Versailles, KY)  
4Ration Balancer: M10 Balancer®:  Wheat bran, rice bran, beet pulp, oat hulls, oats, 
flaxseed, dehydrated alfalfa meal, dried whey, yeast culture, cane molasses, hydrolyzed 
vegetable oil (feed grade), calcium phosphate, calcium carbonate, salt, magnesium oxide, 
zinc oxide, manganous oxide, copper sulfate, zinc polysaccharide complex, iron 
polysaccharide complex, manganese polysaccharide complex, copper polysaccharide 
complex, ethylenediamine dihydriodide, cobalt carbonate, sodium selenite, vitamin A 
acetate, vitamin D3 supplement, vitamin E supplement, menadione sodium bisulfite 
complex (source of vitamin K activity), thiamin mononitrate, riboflavin supplement, 
niacin supplement, pyridoxine hydrochloride, choline chloride, folic acid, d-calcium 
pantothenate, and vitamin B12 supplement. (McCauley Bros. Inc., Versailles, KY) 
5Cl calculated as Na%*(35.4/23). 
6DE (Mcal/kg) = (2,118 + 12.18*CP%-9.37*ADF%-3.83*(NDF%-
ADF%)+47.18*fat%+20.35*NSC%-26.3*Ash%)/1000 (Pagan, 1998). Fat, NSC, and ash 
determined from Dairy One Forage Library 
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Table 4.4. Mathematical models used to fit marker excretion curves (Adapted from Pond 
et al., 1988).  
Name Equation 
Exponential1 
(G1G1) 
[Marker] =
𝐶2𝑘1(𝑒
−𝑘2𝑡 − 𝑒−𝑘1𝑡)
𝑘1 − 𝑘2
 
Gamma 2 
(G2G1) 
[Marker] = 𝐶2[𝛿
2𝑒−𝑘2𝑡 − 𝑒−𝜆1𝑡(𝛿2 + 𝛿𝜆1𝑡)] 
Gamma 3 
(G3G1) 
[Marker] = 𝐶2 [𝛿
3𝑒−𝑘2𝑡 − 𝑒−𝜆1𝑡 (𝛿3 + 𝛿2𝜆1𝑡 +
𝛿𝜆1
2𝑡2
2
)] 
Gamma 4 
(G4G1) 
[Marker] = 𝐶2 [𝛿
4𝑒−𝑘2𝑡 − 𝑒−𝜆1𝑡 (𝛿4 + 𝛿3𝜆1𝑡 +
𝛿2𝜆1
2𝑡2
2
+
𝛿3𝜆1
3𝑡3
6
)] 
Gamma 5 
(G5G1) 
[Marker] = 𝐶2 [𝛿
5𝑒−𝑘2𝑡
− 𝑒−𝜆1𝑡 (𝛿5 + 𝛿4𝜆1𝑡 +
𝛿3𝜆1
2𝑡2
2
+
𝛿2𝜆1
3𝑡3
6
+
𝛿𝜆1
4𝑡4
4
)] 
1C2: Intitial concentration in the second compartment if dose 2 had been introduced into 
volume V at second compartment and instantaneously mixed (i.e. C2 = D/V); k1 and k2 = 
rate parameter for exponentially distributed residence times; t: time after dose of marker, 
t - TT can be substituted for t to incorporate time delay; λ1: rate parameter for gamma-
distributed residence times; δ = λ1/(λ1 - k2). 
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Table 4.5. Average dry matter intake (DMI) and DM excreted (n = 3). 
Treatment1 DMI, g/kg BW DMI, g/kg BW0.75 DMI, kg/d DM Excreted, kg/d 
HF 17.7 85.8 9.8 4.9 
LF 17.7 85.3 9.5 3.8 
SEM 0.21 2.80 1.3 0.6 
P-value P > 0.1 P > 0.1 P > 0.1 P = 0.094 
 1Treatment: HF = high fiber, LF = low fiber 
 
 
 
 
 
Table 4.6. Average organic matter intake (OMI) and OM excreted (n = 3). 
Treatment1 OMI, g/kg BW OMI, g/kg BW0.75 OMI, kg/d OM Excreted, kg/d 
HF 17.1 82.51 9.4 4.2 
LF 17.0 81.79 9.1 3.5 
SEM 0.01 2.69 1.2 0.51 
P-value P = 0.006 P > 0.1 P > 0.1 P > 0.1 
1Treatment: HF = high fiber, LF = low fiber
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Table 4.7. Average neutral detergent fiber (NDF) intake, excretion, and digestibility (n = 
3). 
Treatment1 
NDF 
Intake2, 
g/kg BW 
NDF 
Intake2, 
g/kg BW0.75 
NDF 
Intake2, 
kg/d 
NDF 
Excretion, 
kg/d 
NDFD, 
% 
HF 9.7 46.98 5.37 2.92 45.57 
LF 7.1 34.02 3.80 2.34 38.33 
SEM 0.004 2.05 0.68 0.38 2.72 
P-value P < 0.0001 P = 0.002 P = 0.048 P > 0.1 P = 0.031 
1Treatment: HF = high fiber, LF = low fiber 
2NDF intakes based on concentrations of 55.3% for the HF diet and 40.5% for the LF 
diet.  
 
 
 
 
 
Table 4.8. Average acid detergent fiber (ADF) intake, excretion, and digestibility (n = 3). 
Treatment1 
ADF 
Intake2, 
g/kg BW 
ADF 
Intake2, 
g/kg BW0.75 
ADF 
Intake2, 
kg/d 
ADF 
Excretion, 
kg/d 
ADFD, 
% 
HF 5.5 26.56 3.03 1.74 42.62 
LF 5.2 24.91 2.78 1.71 38.55 
SEM 0.004 0.87 0.39 0.21 2.75 
P-value P < 0.0001 P = 0.080 P > 0.1 P > 0.1 P > 0.1 
1Treatment: HF = high fiber, LF = low fiber 
2ADF intakes based on concentrations of 34.9% for the HF diet and 34.7% for the LF 
diet.  
 
 
 
 
Table 4.9. Average lignin intake, excretion, and digestibility (n = 3). 
Treatment1 
Lignin 
Intake, g/kg 
BW 
Lignin 
Intake, 
g/kg BW0.75 
Lignin 
Intake, 
kg/d 
Lignin 
Excretion, 
kg/d 
Lignin 
Digestibility, 
% 
HF 0.85 4.12 0.47 0.41  14.60  
LF 1.24 5.96 0.67  0.58  12.66 
SEM 0.0 0.24 0.68 0.38 2.72 
P-value P < 0.0001 P < 0.0001 P = 0.022 P = 0.023 P > 0.1 
1Treatment: HF = high fiber, LF = low fiber 
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Table 4.10. Average crude protein (CP) intake, excretion, and apparent digestibility (n = 
3). 
Treatment1 
CP Intake2, 
g/kg BW 
CP Intake2, 
g/kg BW0.75 
CP 
Intake2, 
kg/d 
CP 
Excretion, 
kg/d 
CP 
Digestibility, 
% 
HF 2.1 9.94 1.14 0.43 61.74 
LF 2.3 11.27 1.19 0.41 67.59 
SEM 0.004 0.33 0.17 0.07 2.72 
P-value P < 0.0001 P = 0.008 P > 0.1 P > 0.1 P > 0.1 
1Treatment: HF = high fiber, LF = low fiber 
2CP intakes based on concentrations of 11.8% for the HF diet and 13.3% for the LF diet.  
 
 
 
 
Table 4.11. Average gross energy intake, excretion, and digestibility (n = 3). 
Treatment1 
Energy 
Intake, 
kcal/kg BW 
Energy 
Intake, 
kcal/kg BW0.75 
Energy 
Intake, 
Mcal/d 
Energy 
Excretion, 
Mcal/d 
Energy 
Digestibility, 
% 
HF 72.5 351 40.1 20.1 49.83 
LF 73.5 354 34.5  17.4 55.87 
SEM 1.28 11.3 5.0 2.5 2.72 
P-value P > 0.1 P > 0.1 P > 0.1 P > 0.1 P = 0.011 
1Treatment: HF = high fiber, LF = low fiber 
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Table 4.12. Algebraic mean retention time (n = 3). 
 Liquid, Co Particulate, Yb 
Treatment1 Blaxter et al. (1956), h Thielemans et al. (1978), h Blaxter et al. (1956), h Thielemans et al. (1978), h 
HF 21.75 22.27 26.95 26.95 
LF 23.29 23.52 24.75 25.03 
SEM 2.39 2.46 1.65 1.60 
P-value P > 0.1 P > 0.1 P > 0.1 P > 0.1 
1Treatment: HF = high fiber, LF = low fiber 
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Table 4.13. Cobalt excretion models accuracy of fit (n = 6). 
Model1 R2 Root MSE 
G1G1 0.9700 9.218 
G2G1 0.9884 6.121 
G3G1 0.9915 5.495  
G4G1 0.9923 5.346  
G5G1 0.9926 5.288  
SEM 0.008 4.736 
P-value P = 0.002 P = 0.001 
1Time dependent models described by Pond et al. (1988). 
 
 
Table 4.14. Ytterbium excretion models accuracy of fit (n = 6). 
Model1 R2 Root MSE 
G1G1 0.9487 26.066 
G2G1 0.9849 14.322 
G3G1 0.9889 12.273 
G4G1 0.9907 11.183 
G5G1 0.9910 10.949 
SEM 0.010 4.025 
P-value P < 0.0001 P < 0.0001 
1Time dependent models described by Pond et al. (1988). 
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Table 4.15. Influence of model on cobalt excretion parameters and mean retention time 
(n = 6). 
Model1 λ1 k2 TT, h MRT, h 
G1G1 0.1715a 0.1716 10.81a 22.80a 
G2G1 0.2482b 0.2191 8.85b 21.96b 
G3G1 0.3375c 0.2169 7.56c 21.76b 
G4G1 0.4310d 0.2032 6.21d 21.54b 
G5G1 0.5149e 0.1738 5.56d 21.78b 
SEM 0.039 0.040 0.615 0.319 
P-value P < 0.0001 P = 0.078 P < 0.0001 P < 0.0001 
1Time dependent models described by Pond et al. (1988). 
abcdValues within a column with different subscripts differ (P < 0.05) 
 
 
 
 
Table 4.16. Influence of model on ytterbium excretion parameters and mean retention 
time (n = 6). 
Model1 λ1 k2 TT, h MRT, h 
G1G1 0.1472a 0.1471 13.50a 27.43a 
G2G1 0.1956ab 0.1957 10.91b 26.40b 
G3G1 0.2464b 0.2011 8.86c 25.99c 
G4G1 0.3093c 0.2172 7.60d 25.83c 
G5G1 0.3710d 0.2189 6.39e 25.80c 
SEM 0.027 0.038 0.483 0.174 
P-value P < 0.0001 P = 0.025 P < 0.0001 P < 0.0001 
1Time dependent models described by Pond et al. (1988). 
abcdeValues within a column with different subscripts differ (P < 0.05) 
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Table 4.17. Liquid (Co) compartmental passage rates and mean retention times using the G5G1 model (n = 3).  
Treatment1 C2 λ1 k2 TT, h CMRT1, h CMRT2, h MRT, h 
HF 653.3 0.60 0.18 7.25 8.40 5.65 21.30 
LF 779.1 0.43 0.17 3.86 11.72 6.66 22.25 
SEM 247.0 0.06 0.05 1.39 1.07 2.12 2.09 
P-value P > 0.1 P = 0.022 P > 0.1 P = 0.041 P = 0.019 P > 0.1 P > 0.1 
1Treatment: HF = high fiber, LF = low fiber 
 
 
 
 
 
Table 4.18. Particulate (Yb) compartmental passage rates and mean retention times using the G5G1 model (n = 3).  
Treatment1 C2 λ1 k2 TT, h CMRT1, h CMRT2, h MRT, h 
HF 1024.8 0.37 0.21 8.24 13.64 5.17 27.05 
LF 1277.2 0.37 0.19 4.54 14.25 5.75 24.54 
SEM 412.1 0.08 0.07 1.36 3.36 2.03 1.53 
P-value P > 0.1 P > 0.1 P > 0.1 P = 0.029 P > 0.1 P > 0.1 P > 0.1 
1Treatment: HF = high fiber, LF = low fiber
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Figure 4.2. Fecal collection harness on gelding. 
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Figure 4.3. Dry matter (DM) and organic matter (OM) digestibility by horses fed a high 
fiber diet (HF) or low fiber (LF) diet. 
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Figure 4.4. Mean cobalt (Co) excretion (HF: high fiber, LF: low fiber; n = 3). 
 
 
 
 
 
 
 
Figure 4.5. Mean ytterbium (Yb) excretion (HF: high fiber, LF: low fiber; n = 3).  
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Figure 4.6. Mean cumulative cobalt (Co) recovery (HF: high fiber, LF: low fiber; n = 3). 
 
 
 
 
 
 
 
 
Figure 4.7. Mean cumulative ytterbium (Yb) recovery (HF: high fiber, LF: low fiber; n = 
3; Diet effect, P = 0.002). 
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Appendix 1. Description of studies selected for regression analysis. 
First Author n 
Animal 
Weight
kg 
Gender Breed Feed Type 
Intake 
% BW 
NDF
% 
DM 
ADF
% 
DM 
CP, 
% 
DM 
Length of 
Adaptation 
d 
Length of 
Sample 
Collection 
d 
DMD
% 
Aiken et al., 
1989 
4 493 Gelding  Bermudagrass hay1 1.80 70.5 31.9 10.7 8 4 43.0 
Bergero et 
al., 2004 
4(5)a 448 Gelding  
Natural Meadow 
Hay1  
69.8 38.1 8.4 14 6 44.1 
Bergero et 
al., 2004 
4(5)a 448 Gelding  
Natural Meadow 
Hay1  
66.2 37.2 7 14 6 46.7 
Bergero et 
al., 2004 
4(5)a 448 Gelding  
Natural Meadow 
Hay1  
64.7 37.5 8.5 14 6 50.5 
Bergero et 
al., 2004 
4(5)a 448 Gelding  
Sainfoin hay, 1st 
Cut1  
54.1 32.5 10.1 14 6 57.2 
Bergero et 
al., 2004 
4(5)a 448 Gelding  
Sainfoin hay, 2nd 
Cut1  
50.5 28.5 11.6 14 6 57 
Crozier et 
al., 1997 
6 441 Gelding Arabian Alfalfa hay1 2.66 55.0 43.0 19.0 15 5 58.0 
Crozier et 
al., 1997 
6 441 Gelding Arabian Caucasian Bluestem1 2.19 73.0 39.0 7.0 15 5 44.0 
Crozier et 
al., 1997 
6 441 Gelding Arabian Tall fescue1 2.38 72.0 40.0 11.0 15 5 48.0 
Cuddeford 
et al., 1995 
4 548 Gelding Thoroughbred 
Molassed 
Dehydrated Alfalfa 
hay2 
1.04 40.1 31.7 17.1 14 7 69.0 
Cuddeford 
et al., 1995 
4 505 Gelding Highland Pony 
Molassed 
Dehydrated Alfalfa 
hay2 
0.96 40.1 31.7 17.1 14 7 68.0 
Cymbaluk 
and 
Christensen, 
1986 
4 250 Gelding Pony Alfalfa hay1 1.70 
 
35.2 17.5 21 6 62 
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First Author n 
Animal 
Weight
kg 
Gender Breed Feed Type 
Intake 
% BW 
NDF
% 
DM 
ADF
% 
DM 
CP, 
% 
DM 
Length of 
Adaptation 
d 
Length of 
Sample 
Collection 
d 
DMD
% 
Cymbaluk 
and 
Christensen, 
1986 
4 250 Gelding Pony Brome hay1 1.70 
 
42.0 10.1 21 6 51.4 
Cymbaluk 
and 
Christensen, 
1986 
4 250 Gelding Pony Oat hay1 1.70 
 
34.4 11.7 21 6 54.8 
Cymbaluk 
and 
Christensen, 
1986 
4 250 Gelding Pony Slough hay1 1.70 
 
44.9 11.5 21 6 42.7 
Cymbaluk, 
1990 
6 334 Gelding Pony Alfalfa Hay1 2.41 41.4 31.2 20.9 25 4 64.4 
Cymbaluk, 
1990 
6 334 Gelding Pony Alfalfa Hay3 2.29 43.9 28.9 22.1 25 4 62.8 
Cymbaluk, 
1990 
6 334 Gelding Pony Altai wildrye hay1 1.63 74.9 48.4 6.8 25 4 47.0 
Cymbaluk, 
1990 
6 334 Gelding Pony Brome grass hay1 2.28 59.5 35.6 10.5 25 4 47.7 
Cymbaluk, 
1990 
6 334 Gelding Pony 
Crested wheatgrass 
hay1 
1.71 68.9 42.7 5.7 25 4 42.1 
Cymbaluk, 
1990 
6 334 Gelding Pony 
Kentucky bluegrass 
hay1 
1.67 72.7 45.9 11.3 25 4 44.8 
Cymbaluk, 
1990 
6 334 Gelding Pony 
Reed canarygrass 
hay1 
1.56 65.5 44.8 5.9 25 4 38.5 
Drogoul et 
al., 2000 
10 230 Gelding Mixed 
50/50 Mix Lucerne 
and Cocksfoot2 
1.70 62.9 40.9 15.5 21 6 51.4 
Drogoul et 
al., 2000 
10 230 Gelding Mixed 
50/50 Mix Lucerne 
and Cocksfoot2 
1.70 58.9 35.6 15.9 21 6 53.8 
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First Author n 
Animal 
Weight
kg 
Gender Breed Feed Type 
Intake 
% BW 
NDF
% 
DM 
ADF
% 
DM 
CP, 
% 
DM 
Length of 
Adaptation 
d 
Length of 
Sample 
Collection 
d 
DMD
% 
Dugan et al., 
1993 
8 508 Mare  
Coastal 
bermudagrass1 
2.47 71.2 33.1 14.8 12 5 48.5 
Dugan et al., 
1993 
8 508 Mare  Flaccidgrass hay1 1.75 75.2 37.8 8.1 12 5 43.6 
Earing et al., 
2010 
4 570 Gelding Mixed Alfalfa Hay4 1.43 51.2 35.2 18.5 14 5 56.9 
Earing et al., 
2010 
4 570 Gelding Mixed Timothy Hay4 1.43 59.6 33.2 9.7 14 5 46.3 
Eckert et al., 
2010 
6(5)b 542 Gelding Mixed 
Coastal 
Bermudagrass Hay1 
1.80 73.0 37.0 10.0 10 4 53.0 
Eckert et al., 
2010 
6(5)b 542 Gelding Mixed 
Perennial Peanut 
Hay1 
1.80 46.0 34.0 11.0 10 4 65.0 
Eckert et al., 
2010 
6(5)b 542 Gelding Mixed 
Tifton-85 
Bermudagrass Hay1 
1.70 77.0 42.0 8.0 10 4 52.0 
Holland et 
al, 1998 
4 474 Gelding Thoroughbred 
Alfalfa orchardgrass 
hay1 
1.80 60.1 32.0 13.8 7 10 56.8 
Hussein et 
al., 2004 
4 437 Gelding  Alfalfa hay4 0.92 41.7 36.3 19.9 7 5 55.0 
Lieb and 
Mislevy, 
2001 
4  Gelding  
Coastal 
Bermudagrass Hay1 
2.06 79.1 39.0 13.2 21 5 44.7 
Lieb and 
Mislevy, 
2001 
4  Gelding  
Florakirk 
bermudagrass1 
1.78 80.5 40.3 11.7 21 5 39.9 
Lieb and 
Mislevy, 
2001 
4  Gelding  Florona stargrass1 1.82 81.6 43.3 7.6 21 5 37.7 
Lieb and 
Mislevy, 
2001 
4  Gelding  
Tifton-85 
Bermudagrass Hay1 
1.68 81 41.7 9.1 21 5 48.1 
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First Author n 
Animal 
Weight
kg 
Gender Breed Feed Type 
Intake 
% BW 
NDF
% 
DM 
ADF
% 
DM 
CP, 
% 
DM 
Length of 
Adaptation 
d 
Length of 
Sample 
Collection 
d 
DMD
% 
Miraglia et 
al., 2006 
4 553.5 Gelding  Meadow hay1 
 
61.7 38.3 8.1 14 6 56.7 
Miyaji et al., 
2008 
3 572 Mixed Thoroughbred Timothy Hay 1.57 70.1 41.1 8.4 7 4 41.5 
Moore-
Colyer et al., 
2003 
4 280 Gelding Welsh Pony Grass Hay1 1.37 69.5 39.7 10.2 14 7 48.0 
Ordakowski
-Burk et al., 
2006 
6(5)b 549 Gelding Thoroughbred Reed canarygrass 1.50 65.4 33.5 17.1 5 4 45.9 
Ordakowski
-Burk et al., 
2006 
6(5)b 549 Gelding Thoroughbred Timothy Hay 1.80 62.6 35 14.4 5 4 55.5 
Ott, 1981 4 495 Gelding Mixed 
Coastal 
Bermudagrass1 
1.50 60.9 28.9 6.3 23 5 49.7 
Ott, 1981 4 495 Gelding Mixed 
Coastal 
Bermudagrass1 
2.27 60.9 28.9 6.3 23 5 50.8 
Pagan and 
Jackson, 
1991 
4  Gelding Mixed Alfalfa Hay1 
 
32.8 29.5 17.5 21 5 66.0 
Pagan and 
Jackson, 
1991 
4  Gelding Mixed Alfalfa Hay3 
 
33.3 28.9 18.2 21 5 65.2 
Pagan and 
Jackson, 
1991 
4  Gelding Mixed 
Alfalfa/Bermudagras
s straw hay3  
51.9 30.3 12.2 21 5 51.8 
Pearson et 
al., 2001 
4 250  Welsh Pony 
Molassed 
Dehydrated Alfalfa2 
3.86 44.3 33.9 14.6 14 7 58.0 
Pearson et 
al., 2001 
4 250  Welsh Pony 
Molassed 
Dehydrated Alfalfa2 
1.79 44.3 33.9 14.6 14 7 58.0 
Pearson et 
al., 2001 
4 250  Welsh Pony Molassed Oat Straw2 2.40 71.5 48.7 3.9 14 7 43.0 
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First Author n 
Animal 
Weight
kg 
Gender Breed Feed Type 
Intake 
% BW 
NDF
% 
DM 
ADF
% 
DM 
CP, 
% 
DM 
Length of 
Adaptation 
d 
Length of 
Sample 
Collection 
d 
DMD
% 
Pearson et 
al., 2001 
4 250  Welsh Pony Molassed Oat Straw2 1.70 71.5 48.7 3.9 14 7 40.0 
Staniar et 
al., 2010 
6 553 Mare Thoroughbred Boot Teff Hay1 1.68 68.1 35.7 16.4 9 3 60.6 
Staniar et 
al., 2010 
6 553 Mare Thoroughbred 
Early Heading Teff 
Hay1 
1.66 71.1 40.2 10.8 9 3 55.3 
Staniar et 
al., 2010 
6 553 Mare Thoroughbred 
Late Heading Teff 
Hay1 
1.52 70.8 41.5 7.5 9 3 51.5 
Sturgeon et 
al., 1999 
6 538 Gelding Quarter Horse Alfalfa Hay1 2.00 54.14 39.28 
16.4
4 
10 4 63.39 
Sturgeon et 
al., 1999 
6 538 Gelding Quarter Horse 
Coastal 
Bermudagrass Hay1 
2.00 83.3 40.0 8.3 10 4 51.6 
Sturgeon et 
al., 1999 
6 538 Gelding Quarter Horse Matua hay1 2.00 76.5 40.0 10.9 10 4 58.7 
Thompson 
et al., 1981 
4  Gelding  Alfalfa Hay1 
  
39.9 16.6 7 5 54.4 
Thompson 
et al., 1984 
4 520.45 Gelding  Alfalfa Hay1 1.44 
 
39.5 
 
14 5 54.4 
1Long stem forage 
2Chopped forage 
3Pelleted forage 
4Cubed forage 
aOne horse added to the study for a period 
bOne horse removed from the study for a period 
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Appendix 2: NDF Residue Procedure (Adapted from Earing, 2011) 
 
Neutral Detergent Fiber Solution 
 
 Sodium Lauryl Sulfate 30.0 g 
 Ethylenediaminetetraacetic disodium salt, dihydrate 18.61 g 
 Sodium tetraborate decahydrate 6.81 g 
 Sodium phosphate dibasic, anhydrous 4.56 g 
 Triethylene glycol 10.0 mL 
 Dilute to 1 L with distilled water 
 
Equipment 
 
 Stock pot with cover (or substitute aluminum foil for cover) 
 Large hot plate 
 Cloth bag (pillow case) 
 Commercial washing machine 
 Large aluminum pan 
 
Procedures 
 
1. Pass hay through Wiley-Mill (Arthur Thomas Co.) four times with no screen to 
chop hay. 
2. Add 1 L of NDF solution to stock pot for every 60 g chopped hay 
3. Weigh chopped warm-season hay into cloth bag (pillow case) and tie securely 
4. Bring NDF solution to a boil 
5. Submerge hay in cloth bag in NDF solution and cover 
6. Boil hay in NDF solution for 1 h stirring every 20 min 
7. Remove bag from NDF solution and rinse 
a. Rinse with hot water using the gentle cycle of  a commercial washing 
machine 
8. Remove hay contents from bag and place in aluminum pan 
9. Dry hay to a constant weight at 55°C in a forced air oven  
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Appendix 3: Marker Dosing Calculations 
 
Pre-Trial Co concentration of Co-EDTA was 16.17% 
Pre-Trial Yb concentration of Yb-labeled NDF residue was 9707 ppm 
Target dose was 9 mg marker/kg BW0.75 
Weights recorded on d 0 
 
George – 566.5 kg 
  
Co-EDTA 
116.1 kg BW0.75x
9 mg Co
kg BW0.75
x
100 mg Co − EDTA
16.17 mg Co
x 1000 = 6.46 g Co − EDTA 
  
Yb-labeled NDF Residue 
  
116.1 kg BW0.75x
9 mg Yb
kg BW0.75
x
100 mg Yb − labelled NDF Residue
0.9707 mg Yb
x 1000 = 107.65 g Yb − labelled NDF Residue 
 
 
Moses – 642.0 kg 
  
Co-EDTA 
127.5 kg BW0.75x
9 mg Co
kg BW0.75
x
100 mg Co − EDTA
16.17 mg Co
x 1000 = 7.10 g Co − EDTA 
  
Yb-labeled NDF Residue 
  
127.5 kg BW0.75x
9 mg Yb
kg BW0.75
x
100 mg Yb − labelled NDF Residue
0.9707 mg Yb
x 1000 = 118.24 g Yb − labelled NDF Residue 
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Eggs – 450.0 kg 
  
Co-EDTA 
97.7 kg BW0.75x
9 mg Co
kg BW0.75
x
100 mg Co − EDTA
16.17 mg Co
x 1000 = 5.44 g Co − EDTA 
  
Yb-labeled NDF Residue 
  
97.7 kg BW0.75x
9 mg Yb
kg BW0.75
x
100 mg Yb − labelled NDF Residue
0.9707 mg Yb
x 1000 = 90.58 g Yb − labelled NDF Residue 
 
 
Leroy – 568.5 kg 
  
Co-EDTA 
116.4 kg BW0.75x
9 mg Co
kg BW0.75
x
100 mg Co − EDTA
16.17 mg Co
x 1000 = 6.48 g Co − EDTA 
  
Yb-labeled NDF Residue 
  
116.4 kg BW0.75x
9 mg Yb
kg BW0.75
x
100 mg Yb − labelled NDF Residue
0.9707 mg Yb
x 1000 = 107.94 g Yb − labelled NDF Residue 
  
  
 
9
3
 
Paddy – 535.0 kg 
  
Co-EDTA 
111.24 kg BW0.75x
9 mg Co
kg BW0.75
x
100 mg Co − EDTA
16.17 mg Co
x 1000 = 6.19 g Co − EDTA 
  
Yb-labeled NDF Residue 
  
111.24 kg BW0.75x
9 mg Yb
kg BW0.75
x
100 mg Yb − labelled NDF Residue
0.9707 mg Yb
x 1000 = 103.13 g Yb − labelled NDF Residue 
 
 
Leroy – 509.0 kg 
  
Co-EDTA 
107.2 kg BW0.75x
9 mg Co
kg BW0.75
x
100 mg Co − EDTA
16.17 mg Co
x 1000 = 5.96 g Co − EDTA 
  
Yb-labeled NDF Residue 
  
107.2 kg BW0.75x
9 mg Yb
kg BW0.75
x
100 mg Yb − labelled NDF Residue
0.9707 mg Yb
x 1000 = 99.35 g Yb − labelled NDF Residue 
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Appendix 4: Detergent Fiber Analysis (Adapted from Ankom Technology) 
 
Reagents 
 
Neutral Detergent Fiber Solution 
 Sodium Lauryl Sulfate 30.0 g 
 Ethylenediaminetetraacetic disodium salt, dihydrate 18.61 g 
 Sodium tetraborate decahydrate 6.81 g 
 Sodium phosphate dibasic, anhydrous 4.56 g 
 Triethylene glycol 10.0 mL 
 Dilute to 1 L with distilled water  
Heat Stable alpha-amylase 
Acetone 
Acid Detergent Fiber Solution 
 Cetyl trimethylammonium bromide 20.0 g 
 1.00 N H2SO4 1 L 
 Agitate and heat to combine 
72%  H2SO4 
 
Equipment 
 
 Ankom 200™ Fiber Analyzer 
 Ankom F57 Filter Bags 
 Impulse Bag Sealer 
 
Procedures 
 
1. Grind sample to pass through 1 mm screen on a Wiley-Mill or 2 mm screen for a 
Cyclotec grinder 
2. Label filter bag with black permanent pen, record filter bag weight, and tare 
balance 
3. Weigh 0.5 g (± 0.05 g) of air dried sample directly into filter bag 
4. Seal the bags closed within 0.5 cm from the edge using the impulse bag sealer 
5. Spread sample uniformly inside the filter bag 
6. Include a blank bag with known tare weight to determine correction factor 
7. A maximum of 24 bags may be placed in the bag suspender. All nine trays are 
used regardless of the number of bags being processed. Place three bags per tray 
and then stack trays on center post with each level rotated 120 degrees. The 
weight is placed on top of the empty 9th tray to keep the bag suspender 
submerged. 
8. When processing 24 sample bags add 2000 mL of ambient temperature detergent 
solution into ANKOM Fiber Analyzer vessel. If processing less than 20 bags add 
100 mL/ bag of detergent solution (minimum of 1500 mL) and 4.0 mL of heats 
table alpha-amylase if samples contain starch 
9. Place bag suspender with samples into the solution in vessel 
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10. Turn Agitate and Heat ON (set to 100°C) and confirm that the bag suspender is 
agitating properly 
11. Set timer for 75 min and push start 
12. Close and seal lid of vessel 
13. After 75 min have elapsed turn Agitate and Heat OFF, open the drain valve and 
exhaust hot solution 
14. After solution has been exhausted, close valve and open the lid. Add 
approximately 2000 mL of hot water and lower lid but do not tighten. With starch 
containing samples add 4.0 mL of heat stable alpha-amylase to the first two rinses 
15. Set heat to 95°C, turn Agitate and Heat ON and rinse for 7 min. Exhaust water 
and repeat rinses for a total of three times or until water is at neutral pH. 
16. After final rinse remove filter bags from bag suspender and gently press out 
excess water. Place in beaker and cover with acetone. Allow bags to soak for 3 
min. 
17. Spread bags out and allow acetone to evaporate. Complete drying in 55°C oven 
for 24 h. 
18. Remove bags from oven, allow to cool, and weigh bags. 
19. Determine lignin concentration using beakers after ADF extraction 
20. Place dried bags/samples into 3 L beaker and add sufficient quantity of 72% 
H2SO4 to cover bags (NOTE: Bags must be dry and at ambient temperature before 
adding concentrated acid. If moisture is present in the bags, heat generated by 
H2SO4 and water reaction will char samples) 
21. Place 2 L inside 3 L beaker to keep bags submerged 
22. Agitate bags at start and at 30 min interval 
23. After 3 h pour off H2SO4 and rinse with hot water to remove acid 
24. Repeat rinses until pH is neutral 
25. Rinse bags in acetone for 3 min 
26. Spread bags out and allow acetone to evaporate. Complete drying in 55°C oven 
for 24 h. 
27. Remove bags from oven, allow to cool, and weigh bags. 
28. Ash entire bag in pre-weighed crucible at 525°C overnight 
 
Calculations 
 
Values 
 Blank Bags: 
 Initial (tare) weight B1 
 Weight following NDF extraction B2 
 Weight following ADF extraction B3 
 Weight following ADL extraction B4 
 Weight following ASH B5 
 
 Sample Bags: 
 Sample weight WT 
 Sample dry matter DM 
 Bag tare weight S1 
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 Weight following NDF extraction (includes bag weight) S2 
 Weight following ADF extraction (includes bag weight) S3 
 Weight following ADL extraction (includes bag weight) S4 
 Weight following ASH (includes bag weight) S5 
 
Correction Factors 
 C1 = B2/B1 
 C2 = B3/B1 
 C3 = B4/B1 
 C4 = B5/B1 
 
 NDF = [S2 – (S1xC1)]/[WTxDM] 
 ADF = [S3 – (S1xC2) – S5 + (S1xC4)]/[WTxDM] 
 ADL = [S4 – (S1xC3) – S5 + (S1xC4)]/[WTxDM] 
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Appendix 5: Sample Preparation for ICP Analysis (Adapted from Earing, 2011) 
 
Equipment 
Microwave Sample Preparation System Model MDS-2000 (CEM Corp., Matthews, NC) 
ICP-OES Spectrophotometer (Varian Vista Pro, Palo Alto, CA) 
 
Procedure 
 
1. Fecal samples were dried in a 55°C forced air oven for 60 h or to a constant 
weight and then ground to 1 mm using a Wiley mill (Arthur H. Thomas Co., 
Philadelphia, PA) 
2. Samples were dried overnight in a 100°C convection oven and then placed in a 
dessicator until they were weighed 
3. A 0.500 g sample was weighed on weigh paper and then transferred to a Teflon 
lined digestion vessel and 10 ml of concentrated nitric acid (15.8 N) was added to 
each vessel 
4. Vessels were sealed and digested using the microwave according to the following 
program 
 
 Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 
Power 75 75 75 75 75 
PSI 40 85 150 150 150 
Time 6 6 10 10 10 
TAP 5 5 7 7 5 
Fan 100 100 100 100 100 
 
5. Samples were allowed to cool and transferred to 50 mL conical centrifuge tubes 
and diluted to 50 mL with distilled water 
6. Samples were centrifuged at 5000 rev/min for 12 min at room temperature and 
then a 15 mL subsample of the supernatant was retain for analysis 
7. For quality assurance, duplicate samples and blanks were run every 10 samples 
and duplicates, blanks, spiked, and laboratory control samples were run every 20 
samples 
8. Cobalt and Yb standard solutions (1000 ppm) were obtained from GFS 
Chemicals, Inc. (Columbus, OH). Co standards ranged from 10 ppb to 6 ppm and 
Yb standards were from 25 ppb to 6 ppm. 
9. All digested samples and standards were stored under refrigeration until the time 
of analysis 
10. Samples were analyzed using the Varian Vista Pro ICP-OES (Palo Alto, CA) 
11. Cobalt concentrations were determined at wavelengths of 230.786, 237.863, and 
238.892 nm. Ytterbium concentrations were determined at wavelengths of 
222.447, 328.937, and 369.419 nm. 
  
  
 98 
12. Percent difference, recovery of spiked samples, and recovery of laboratory control 
samples 
 
 Co 
230.786 
nm 
Co 
237.863 
nm 
Co 
238.892 
nm 
Yb 
222.447 
nm 
Yb 
328.937 
nm 
Yb 
369.419 
nm 
Percent 
difference 
of duplicate 
samples 
6.05 5.88 6.07 10.10 12.32 11.80 
Percent 
recovery of 
spiked 
samples 
98.53 98.95 98.38 97.88 99.10 96.46 
Percent 
recovery of 
laboratory 
control 
samples 
100.59 100.96 101.44 100.27 100.72 99.23 
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Appendix 6: MATLAB Model Fitting Code 
 
function [fitresult, gof] = createFits(Time Post Dose, h, Marker Concentration, 
mg/kg Dry Feces) 
%CREATEFITS(TIME POST DOSE, H,MARKER CONCENTRATION, 
MG/KG DRY FECES) 
%  Create fits. 
% 
%  Data for 'Exponential' fit: 
%      X Input : Time Post Dose, h 
%      Y Output: Marker Concentration, mg/kg Dry Feces 
%  Data for 'Gamma 3' fit: 
%      X Input : Time Post Dose, h 
%      Y Output: Marker Concentration, mg/kg Dry Feces 
%  Data for 'Gamma 2' fit: 
%      X Input : Time Post Dose, h 
%      Y Output: Marker Concentration, mg/kg Dry Feces 
%  Data for 'Gamma 4' fit: 
%      X Input : Time Post Dose, h 
%      Y Output: Marker Concentration, mg/kg Dry Feces 
%  Data for 'Gamma 5' fit: 
%      X Input : Time Post Dose, h 
%      Y Output: Marker Concentration, mg/kg Dry Feces 
%  Output: 
%      fitresult : a cell-array of fit objects representing the fits. 
%      gof : structure array with goodness-of fit info. 
% 
%  See also FIT, CFIT, SFIT. 
 
%  Auto-generated by MATLAB on 16-Jul-2014 14:20:35 
 
%% Initialization. 
 
% Initialize arrays to store fits and goodness-of-fit. 
fitresult = cell( 5, 1 ); 
gof = struct( 'sse', cell( 5, 1 ), ... 
    'rsquare', [], 'dfe', [], 'adjrsquare', [], 'rmse', [] ); 
 
%% Fit: 'Exponential'. 
[xData, yData] = prepareCurveData( Time Post Dose, h, Marker Concentration, 
mg/kg Dry Feces ); 
 
% Set up fittype and options. 
ft = fittype( '0*(x<x0)+[a*d*[(exp(-c*(x-x0))-exp(-d*(x-x0)))/(c-d)]].*(x>=x0)', 
'independent', 'x', 'dependent', 'y' ); 
opts = fitoptions( 'Method', 'NonlinearLeastSquares' ); 
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opts.Display = 'Off'; 
opts.Lower = [-Inf 0 0 0]; 
opts.MaxFunEvals = 1000; 
opts.StartPoint = [0.530629303856886 0.832423386285184 0.597490191872579 
0.335311330705246]; 
opts.Upper = [-40 1 1 Inf]; 
 
% Fit model to data. 
[fitresult{1}, gof(1)] = fit( xData, yData, ft, opts ); 
 
% Plot fit with data. 
figure( 'Name', 'Exponential' ); 
h = plot( fitresult{1}, xData, yData ); 
legend( h, 'Marker Concentration, mg/kg Dry Feces vs. Time Post Dose, h', 
'Exponential', 'Location', 'NorthEast' ); 
% Label axes 
xlabel( 'Time Post Dose, h' ); 
ylabel( 'Marker Concentration, mg/kg Dry Feces' ); 
grid on 
 
%% Fit: 'Gamma 3'. 
[xData, yData] = prepareCurveData( Time Post Dose, h, Marker Concentration, 
mg/kg Dry Feces ); 
 
% Set up fittype and options. 
ft = fittype( '0*(x<x0)+[a*[(d/(d-c))^3*exp(-c*(x-x0))-exp(-d*(x-x0))*((d/(d-
c))^3+(d/(d-c))^2*d*(x-x0)+((d/(d-c))*d^2*(x-x0)^2)/2)]].*(x>=x0)', 
'independent', 'x', 'dependent', 'y' ); 
opts = fitoptions( 'Method', 'NonlinearLeastSquares' ); 
opts.Display = 'Off'; 
opts.MaxFunEvals = 1000000; 
opts.StartPoint = [0.440035595760254 0.257613736712438 0.75194639386745 
0.228669482105501]; 
 
% Fit model to data. 
[fitresult{2}, gof(2)] = fit( xData, yData, ft, opts ); 
 
% Plot fit with data. 
figure( 'Name', 'Gamma 3' ); 
h = plot( fitresult{2}, xData, yData ); 
legend( h, 'Marker Concentration, mg/kg Dry Feces vs. Time Post Dose, h', 
'Gamma 3', 'Location', 'NorthEast' ); 
% Label axes 
xlabel( 'Time Post Dose, h' ); 
ylabel( 'Marker Concentration, mg/kg Dry Feces' ); 
grid on 
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%% Fit: 'Gamma 2'. 
[xData, yData] = prepareCurveData( Time Post Dose, h, Marker Concentration, 
mg/kg Dry Feces ); 
 
% Set up fittype and options. 
ft = fittype( '0*(x<x0)+[a*[(d/(d-c))^2*exp(-c*(x-x0))-exp(-d*(x-x0))*((d/(d-
c))^2+(d/(d-c))*d*(x-x0))]]*(x>=x0)', 'independent', 'x', 'dependent', 'y' ); 
opts = fitoptions( 'Method', 'NonlinearLeastSquares' ); 
opts.Display = 'Off'; 
opts.Lower = [-Inf 0 0 -Inf]; 
opts.StartPoint = [0.212163205254934 0.0985187376881084 
0.823574473927839 0.17500973738208]; 
opts.Upper = [Inf 1 1 Inf]; 
 
% Fit model to data. 
[fitresult{3}, gof(3)] = fit( xData, yData, ft, opts ); 
 
% Plot fit with data. 
figure( 'Name', 'Gamma 2' ); 
h = plot( fitresult{3}, xData, yData ); 
legend( h, 'Marker Concentration, mg/kg Dry Feces vs. Time Post Dose, h', 
'Gamma 2', 'Location', 'NorthEast' ); 
% Label axes 
xlabel( 'Time Post Dose, h' ); 
ylabel( 'Marker Concentration, mg/kg Dry Feces' ); 
grid on 
 
%% Fit: 'Gamma 4'. 
[xData, yData] = prepareCurveData( Time Post Dose, h, Marker Concentration, 
mg/kg Dry Feces ); 
 
% Set up fittype and options. 
ft = fittype( '0*(x<x0)+[a*[(d/(d-c))^4*exp(-c*(x-x0))-exp(-d*(x-x0))*((d/(d-
c))^4+(d/(d-c))^3*d*(x-x0)+((d/(d-c))^2*d^2*(x-x0)^2)/2+((d/(d-c))*d^3*(x-
x0)^3)/6)]].*(x>=x0)', 'independent', 'x', 'dependent', 'y' ); 
opts = fitoptions( 'Method', 'NonlinearLeastSquares' ); 
opts.Display = 'Off'; 
opts.MaxFunEvals = 10000; 
opts.StartPoint = [0.387245431483135 0.142187159290504 
0.0251349857102031 0.421112253765241]; 
 
% Fit model to data. 
[fitresult{4}, gof(4)] = fit( xData, yData, ft, opts ); 
 
% Plot fit with data. 
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figure( 'Name', 'Gamma 4' ); 
h = plot( fitresult{4}, xData, yData ); 
legend( h, 'Marker Concentration, mg/kg Dry Feces vs. Time Post Dose, h', 
'Gamma 4', 'Location', 'NorthEast' ); 
% Label axes 
xlabel( 'Time Post Dose, h' ); 
ylabel( 'Marker Concentration, mg/kg Dry Feces' ); 
grid on 
 
%% Fit: 'Gamma 5'. 
[xData, yData] = prepareCurveData( Time Post Dose, h, Marker Concentration, 
mg/kg Dry Feces ); 
 
% Set up fittype and options. 
ft = fittype( '0*(x<x0)+[a*[(d/(d-c))^5*exp(-c*(x-x0))-exp(-d*(x-x0))*((d/(d-
c))^5+(d/(d-c))^4*d*(x-x0)+((d/(d-c))^3*d^2*(x-x0)^2)/2+((d/(d-c))^2*d^3*(x-
x0)^3)/6+((d/(d-c))*d^4*(x-x0)^4)/24)]].*(x>=x0)', 'independent', 'x', 'dependent', 
'y' ); 
opts = fitoptions( 'Method', 'NonlinearLeastSquares' ); 
opts.Display = 'Off'; 
opts.Lower = [-Inf 0 0 -Inf]; 
opts.MaxFunEvals = 1000; 
opts.StartPoint = [0.723173479183095 0.34743764558179 0.660616824502904 
0.383868601071971]; 
opts.Upper = [Inf 1 1 Inf]; 
 
% Fit model to data. 
[fitresult{5}, gof(5)] = fit( xData, yData, ft, opts ); 
 
% Plot fit with data. 
figure( 'Name', 'Gamma 5' ); 
h = plot( fitresult{5}, xData, yData ); 
legend( h, 'Marker Concentration, mg/kg Dry Feces vs. Time Post Dose, h', 
'Gamma 5', 'Location', 'NorthEast' ); 
% Label axes 
xlabel( 'Time Post Dose, h' ); 
ylabel( 'Marker Concentration, mg/kg Dry Feces' ); 
grid on 
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Appendix 7: Gelding Body Weights 
 
Horse Treatment1 Initial Weight2, kg Final Weight3, kg Weight Change, kg 
George HF 566.5 560.0 -6.5 
Moses HF 642.0 628.0 -14.0 
Eggs HF 450.0 432.0 -18.0 
Leroy LF 568.5 556.5 -12.0 
Paddy LF 535.0 526.0 -9.0 
Maestro LF 509.0 496.5 -12.5 
1Treatment: HF = High fiber, LF = Low fiber 
2Initial weight recorded on d 0 
3Final weight recorded on d 22  
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Appendix 8: Daily Dry Matter Intake 
 
Horse Treatment1  d 162 d 17 d 18 d 19 d 20 
George HF 
kg 10.06 9.97 10.05 10.02 10.06 
% BW 1.78 1.76 1.77 1.77 1.78 
% BW0.75 8.66 8.59 8.66 8.63 8.66 
Moses HF 
kg 11.39 11.39 11.39 11.35 11.39 
% BW 1.77 1.77 1.77 1.77 1.77 
% BW0.75 8.93 8.93 8.93 8.90 8.93 
Eggs HF 
kg 8.00 8.00 7.98 7.96 8.00 
% BW 1.78 1.78 1.77 1.77 1.78 
% BW0.75 8.19 8.19 8.17 8.15 8.19 
Leroy LF 
kg 10.09 10.08 10.08 10.05 10.09 
% BW 1.77 1.77 1.77 1.77 1.77 
% BW0.75 8.66 8.66 8.65 8.63 8.66 
Paddy LF 
kg 9.50 9.50 9.48 9.46 9.50 
% BW 1.78 1.78 1.77 1.77 1.78 
% BW0.75 8.54 8.54 8.53 8.50 8.54 
Maestro LF 
kg 9.05 9.04 9.01 9.01 9.04 
% BW 1.78 1.78 1.77 1.77 1.78 
% BW0.75 8.44 8.44 8.41 8.41 8.43 
1Treatment: HF = high fiber, LF = low fiber 
2d 16 represents the first day of total fecal collections 
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Appendix 9: Daily Water Intake 
 
Horse Treatment1  d 162 d 17 d 18 d 19 d 20 
George HF 
L 13.64 25.26 22.00 23.26 23.20 
% BW 2.41 4.46 3.88 4.11 4.10 
% BW0.75 11.75 21.75 18.95 20.03 19.98 
Moses HF 
L 29.74 30.76 30.66 30.94 30.94 
% BW 4.63 4.79 4.78 4.82 4.82 
% BW0.75 23.52 24.12 24.04 24.26 24.26 
Eggs HF 
L 22.98 19.38 22.98 21.84 21.22 
% BW 5.11 4.31 5.11 4.85 4.72 
% BW0.75 23.52 19.84 23.52 22.35 21.72 
Leroy LF 
L 20.64 27.44 30.72 28.96 29.98 
% BW 3.63 4.83 5.40 5.09 5.27 
% BW0.75 17.73 23.57 26.39 24.87 25.75 
Paddy LF 
L 18.84 23.34 24.12 25.06 24.44 
% BW 3.52 4.36 4.51 4.68 4.57 
% BW0.75 16.94 37.33 30.48 27.79 21.97 
Maestro LF 
L 20.66 40.00 32.66 29.78 28.48 
% BW 4.06 7.86 6.42 5.85 5.60 
% BW0.75 19.28 37.33 30.48 27.79 26.58 
1Treatment: HF = high fiber, LF = low fiber 
2d 16 represents the first day of total fecal collections 
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Appendix 10: Daily Dry Matter Fecal Excretion 
 
Horse Treatment1 d 162 d 17 d 18 d 19 d 20 
George HF 4.48 5.41 5.07 4.79 4.61 
Moses HF 5.78 5.70 5.60 5.94 5.73 
Eggs HF 4.41 4.67 3.86 3.72 3.57 
Leroy LF 4.23 3.41 3.51 3.87 3.90 
Paddy LF 3.88 4.15 3.93 4.12 3.71 
Maestro LF 3.78 3.77 3.82 3.65 3.37 
1Treatment: HF = high fiber, LF = low fiber 
2d 16 represents the first day of total fecal collections 
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Appendix 11: Individual Diet Digestibility Measurements 
 
Horse Treatment1 DMD, % OMD, % NDFD, % ADFD, % Lignin, % CPD, % GED, % 
George HF 51.44 56.78 46.35 43.71 13.22 67.19 50.90 
Moses HF 49.49 55.02 44.95 42.68 13.41 59.9 49.40 
Eggs HF 49.32 54.6 45.4 41.74 11.35 58.14 49.19 
Leroy LF 62.46 63.85 42 42.01 19.12 72.69 57.78 
Paddy LF 58.28 59.74 34.46 34.61 8.58 66.00 53.53 
Maestro LF 59.27 60.69 38.54 39.02 16.1 65.69 54.35 
1Treatment: HF = High fiber, LF = Low fiber 
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Appendix 12: Individual Horse Marker Excretion and Recovery 
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Moses 
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Eggs 
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Leroy 
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Paddy 
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Maestro 
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Appendix 13: Individual Marker Recovery 
 
Horse Treatment1 Co Recovery, % Yb Recovery, % 
George HF 94.41 84.36 
Moses HF 93.61 82.48 
Eggs HF 97.41 85.83 
Leroy LF 98.57 94.38 
Paddy LF 101.24 94.42 
Maestro LF 72.48 91.36 
1Treatment: HF = high fiber, LF = low fiber 
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Appendix 14: Algebraic Mean Retention Time 
 
Horse 
Treatment
1 
Liquid, Co Particulate, Yb 
Blaxter et 
al. (1956), h 
Thielemans et 
al. (1978), h 
Blaxter et 
al. (1956), h 
Thielemans et 
al. (1978) h 
George HF 23.98 24.38 27.52 27.30 
Moses HF 19.48 20.00 25.85 26.01 
Eggs HF 21.78 22.43 27.49 27.55 
Leroy LF 20.68 20.95 22.34 22.60 
Paddy LF 25.73 26.34 25.51 26.42 
Maestro LF 23.45 23.27 26.40 25.03 
1Treatment: HF = high fiber, LF = low fiber 
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Appendix 15: Goodness of fit and model parameters for cobalt 
Horse Treatment1 Model R2 
Root 
MSE 
C2 λ1 k2 TT, h CMRT1 CMRT2 MRT 
George HF G1G1 0.9812 11.671 -785.5 0.2102 0.2102 13.37 4.76 4.76 22.88 
George HF G2G1 0.9958 5.541 850.9 0.3175 0.2256 11.52 6.30 4.43 22.25 
George HF G3G1 0.9958 5.551 698.1 0.4767 0.1837 10.61 6.29 5.44 22.35 
George HF G4G1 0.9956 5.665 664.8 0.5863 0.1742 9.825 6.82 5.74 22.39 
George HF G5G1 0.9954 5.805 646.8 0.6798 0.1689 9.148 7.36 5.92 22.42 
Moses HF G1G1 0.9830 10.957 -708.6 0.1954 0.1953 10.32 5.12 5.12 20.56 
Moses HF G2G1 0.9912 7.898 962.6 0.2685 0.2691 8.682 7.45 3.72 19.85 
Moses HF G3G1 0.9949 6.011 1161 0.3277 0.3267 7.265 9.15 3.06 19.48 
Moses HF G4G1 0.9957 5.521 749.3 0.4798 0.2095 6.474 8.34 4.77 19.58 
Moses HF G5G1 0.9961 5.241 702.5 0.5678 0.1956 5.707 8.81 5.11 19.63 
Eggs HF G1G1 0.9811 12.071 -991.7 0.1849 0.1847 11.88 5.41 5.41 22.70 
Eggs HF G2G1 0.9867 10.110 901.6 0.2539 0.2541 10.1 7.88 3.94 21.91 
Eggs HF G3G1 0.9890 9.209 719.1 0.367 0.2004 8.585 8.17 4.99 21.75 
Eggs HF G4G1 0.9898 8.880 639 0.4717 0.1772 6.474 8.48 5.64 20.60 
Eggs HF G5G1 0.9901 8.735 610.6 0.5534 0.1688 6.899 9.04 5.92 21.86 
Leroy LF G1G1 0.9452 0.945 -848.5 0.1548 0.1548 8.706 6.46 6.46 21.63 
Leroy LF G2G1 0.9820 0.982 1219 0.2401 0.2401 8.089 8.33 4.16 20.58 
Leroy LF G3G1 0.9902 0.990 1504 0.2993 0.3021 6.795 10.02 3.31 20.13 
Leroy LF G4G1 0.9927 0.993 1724 0.3497 0.3501 5.589 11.44 2.86 19.88 
Leroy LF G5G1 0.9937 0.994 1170 0.4572 0.2373 4.737 10.94 4.21 19.89 
Paddy LF G1G1 0.9871 0.987 -645.5 0.1285 0.1285 9.931 7.78 7.78 25.50 
Paddy LF G2G1 0.9952 0.995 643.2 0.2115 0.1281 7.403 9.46 7.81 24.67 
Paddy LF G3G1 0.9961 0.996 551 0.3119 0.109 6.035 9.62 9.17 24.83 
Paddy LF G4G1 0.9965 0.996 524.6 0.3867 0.1034 4.902 10.34 9.67 24.92 
Paddy LF G5G1 0.9966 0.997 511 0.45 0.1005 3.912 11.11 9.95 24.97 
Maestro LF G1G1 0.9424 18.679 -578.5 0.155 0.1559 10.65 6.45 6.41 23.52 
Maestro LF G2G1 0.9793 11.203 763.2 0.1978 0.1977 7.335 10.11 5.06 22.50 
Maestro LF G3G1 0.9828 10.214 917.3 0.2423 0.2396 5.472 12.38 4.17 22.03 
Maestro LF G4G1 0.9834 10.018 761.2 0.3119 0.1995 4.007 12.82 5.01 21.84 
Maestro LF G5G1 0.9836 9.959 656.4 0.381 0.1716 2.937 13.12 5.83 21.89 
1Treatment: HF = high fiber, LF = low fiber  
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Appendix 16: Goodness of fit and model parameters for ytterbium 
Horse Treatment1 Model R2 Root MSE C2 λ1 k2 TT, h CMRT1 CMRT2 MRT 
George HF G1G1 0.9069 33.920 -811 0.1705 0.1701 17.16 5.88 5.87 28.90 
George HF G2G1 0.9885 11.920 1059 0.2069 0.2068 13.45 4.84 9.67 27.95 
George HF G3G1 0.9938 8.771 1280 0.2512 0.2510 11.59 3.98 11.94 27.52 
George HF G4G1 0.9952 7.661 1491 0.2951 0.2969 10.29 3.37 13.55 27.21 
George HF G5G1 0.9954 7.549 982.5 0.3901 0.1952 9.31 5.12 12.82 27.25 
Moses HF G1G1 0.9590 20.387 -672.8 0.1312 0.1313 12.93 7.62 7.62 28.17 
Moses HF G2G1 0.9875 11.248 949.6 0.1935 0.1935 11.54 5.17 10.34 27.04 
Moses HF G3G1 0.9911 9.483 1138 0.2309 0.2309 9.33 4.33 12.99 26.65 
Moses HF G4G1 0.9928 8.530 1311 0.2732 0.2705 8.00 3.70 14.64 26.34 
Moses HF G5G1 0.9926 8.651 1425 0.3063 0.2946 6.44 3.39 16.32 26.16 
Eggs HF G1G1 0.9578 19.353 -684.3 0.1480 0.1480 15.50 6.76 6.76 29.01 
Eggs HF G2G1 0.9860 11.131 917.7 0.1965 0.1965 12.77 5.09 10.18 28.04 
Eggs HF G3G1 0.9887 9.993 935.6 0.2588 0.2022 11.02 4.95 11.59 27.56 
Eggs HF G4G1 0.9887 9.997 715.9 0.3559 0.1539 9.94 6.50 11.24 27.67 
Eggs HF G5G1 0.9886 10.069 667 0.4242 0.1429 8.96 7.00 11.79 27.74 
Leroy LF G1G1 0.9497 34.289 -1179 0.1857 0.1856 12.98 5.39 5.39 23.75 
Leroy LF G2G1 0.9852 18.592 1546 0.2283 0.2286 9.74 4.37 8.76 22.88 
Leroy LF G3G1 0.9881 16.701 1867 0.2759 0.2762 7.96 3.62 10.87 22.46 
Leroy LF G4G1 0.9899 15.370 1559 0.3516 0.2305 6.56 4.34 11.38 22.27 
Leroy LF G5G1 0.9909 14.603 1312 0.4340 0.1932 5.63 5.18 11.52 22.33 
Paddy LF G1G1 0.9596 24.527 -870.9 0.1263 0.1264 10.53 7.91 7.92 26.36 
Paddy LF G2G1 0.9808 16.901 1211 0.1808 0.1809 8.58 5.53 11.06 25.17 
Paddy LF G3G1 0.9853 14.817 983.2 0.2654 0.1469 6.80 6.81 11.30 24.91 
Paddy LF G4G1 0.9868 13.997 863.4 0.3448 0.1285 5.63 7.78 11.60 25.01 
Paddy LF G5G1 0.9878 13.491 819.7 0.4079 0.1217 4.60 8.22 12.26 25.07 
Maestro LF G1G1 0.9592 23.919 -812.8 0.1213 0.1213 11.91 8.24 8.24 28.40 
Maestro LF G2G1 0.9814 16.137 1111 0.1677 0.1676 9.40 5.97 11.93 27.29 
Maestro LF G3G1 0.9863 13.875 1321 0.1964 0.1961 6.45 5.10 15.27 26.82 
Maestro LF G4G1 0.9905 11.545 1534 0.2353 0.2331 5.17 4.29 17.00 26.46 
Maestro LF G5G1 0.9908 11.331 1700 0.2635 0.2587 3.39 3.87 18.98 26.23 
1Treatment: HF = high fiber, LF = low fiber 
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